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ABSTRACT
Soil and Water Assessment Tool (SWAT), a continuous simulation model was 
used to conduct hydrologic analysis, and to predict sediment and nutrient loadings from 
the Canard River watershed to the Detroit River. The watershed is located within the 
Essex Region in southern Ontario, and it has been identified as a part of the Area of 
Concern of the Detroit River for non-point source pollution. The SWAT model was 
calibrated and tested using daily observed streamflow data. The Nash-Suttcliffe model 
efficiencies for monthly streamflow predictions were 0.79 and 0.85, respectively during 
the calibration and testing periods. It was found from the model that on average, 36% of 
the annual precipitation over the watershed contributed to the streamflow during the five- 
year period 2001-2005. The northeastern part of the watershed was found to be yielding 
higher sediment and nutrient loads. Hence these areas are of critical importance for the 
watershed management.
iii
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Water quantity and quality have been part of growing nationwide environmental 
concerns in Canada. Governments have developed a substantial range of policies, 
regulations, strategies, and frameworks to protect and conserve water quality and 
quantity, and aquatic ecosystems. Nevertheless, there is evidence of inefficient use of 
water resources, which is recognized as a threat to the sustainability of water supplies. 
Thus, the need for water conservation and efficiency is receiving growing attention. 
Despite significant progress in water pollution control, challenges remain. Many basins 
and watersheds are affected by industrial and municipal pollution, and urban and 
agricultural runoff (Environment Canada, 2003a).
In the 1970s, realizing the water quality problems of the Great Lakes, the 
Pollution from Land Use Activities Reference Group (PLUARG) study was conducted by 
a binational group from Canada and United States. The study found that the Great Lakes 
were affected by the non-point sources pollution from the land drainage containing 
phosphorus, sediment and toxic substances from agricultural and urban areas. The Lake 
Erie and Lake Ontario were reported as most affected lakes by the pollutants (Logan, 
2004). After the adoption of conservation tillage practices, significant reductions in 
phosphorus and sediment loads were achieved in the past decades. Still, in some areas 
within the Great Lakes basin, phosphorus and soil erosion remain a primary concern
1
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(Great Lakes Science Advisory Board, 2000). However, the importance of protecting the 
Great Lakes is increasing as these are the vital sources of water for multiple uses 
including drinking water supplies.
With a view to protect existing and future drinking water, the Clean Water Act 
was passed by the Ontario legislature in 2006. The Clean Water Bill was initiated with 
the recommendations made in response to the contamination of drinking water supply of 
the Town of Walkerton, Ontario, in 2000 (Conservation Ontario, 2007). According to this 
Act, watershed based source water protection plan needs to be prepared for risks 
identification to water quality and water supply, and mitigation of the identified risks 
through implementing suitable risk management programs. The Conservation Authorities 
are entrusted to develop these plans through the involvement of the residents, 
municipalities, different stakeholders and relevant agencies. As a top priority program, 
different Conservation Authorities have started to develop source water protection plan 
for the watersheds with in their jurisdictions. Performing water budget for watersheds and 
identification of the most vulnerable areas to water contamination are considered as 
fundamental works for the risk identification under source water protection guidelines 
(Ontario Ministry of the Environment, 2004).
In fact, watershed studies have been conducted in Ontario since 1940s, and those 
studies were mainly focused on acquiring information on the existing conditions of the 
watersheds. However, the complexity of these studies have been increased over the time, 
and turned into integrated comprehensive studies to conserving water resources and 
protecting the ecosystem (Ontario Ministries of Environment and Energy, and Natural
2
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Resources, 1993). Although, water budget studies have been conducted for several years, 
the provincial government recognized the need for water budget guidance in 1990s, and 
accordingly, the consulting firm, Cumming Cockbum Limited (CCL) prepared a 
technical document that could be used by the practitioners in undertaking water budget 
studies (CCL, 2001).
Watershed level hydrologic budget analysis determines the volume of surface and 
groundwater available for the benefit of both human population and natural systems. This 
information on the availability of water resources is required to enhance efficient 
utilization and conservation of water. Water budget quantifies the amount of 
precipitation, runoff, recharge, evaporation, transpiration, and natural and anthropogenic 
uses of water within a watershed. Water budget analysis is needed to determine the 
impact of urbanization and land use change on natural features such as wetlands, 
headwater areas and aquifer recharge areas, etc. It is also necessary to conduct water 
budget analysis for water quality management.
Water quality problems are created either from point sources or non-point sources 
depending on the pollutant sources. Agricultural non-point source pollution is the 
significant source of water quality problem for any region. The most common non-point 
source pollutants in agricultural watersheds are sediment and nutrients. Along with 
monitoring data, computer modelling facilitates in assessing the non-point source 
pollution and evaluating the effectiveness of the management techniques for preventing 
water quality deterioration.
3
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Watershed models are useful tools for water resources assessment, development, 
and management. They are used to quantify the impact of watershed management 
strategies, linking human activities within the watershed to water quantity and quality of 
the receiving stream or lake for environmental and water resources protection (Singh and 
Woolhiser, 2002). Numerous operational, lumped or conceptual models have been 
developed since the development of the Stanford Watershed Model in the 1960s. With 
the evolution of watershed modelling, distributed models were developed for more 
accurate representation of the hydrologic system by considering the spatial variability of 
model parameters and inputs. In recent years, the use of spatial databases and the GIS 
interface in distributed hydrologic models led to remarkable progress in detailed spatial 
analysis of hydrologic and water resources systems.
Continuous simulation models are useful for conducting a water budget analysis, 
and predicting long-term effect of hydrologic changes and watershed management 
practices, while event models are used for particular interest of intense storms that cause 
flood and convey substantial loads of sediment and pollutants. The available literature 
shows that Soil and Water Assessment Tool (SWAT) is a potential model for long-term 
continuous simulation in predominantly agricultural watersheds. SWAT has been 
successfully applied in many countries all over the world for continuous simulations of 
flow, and predictions of sediment and nutrient transport from watersheds as well as water 
budget analysis and evaluating best management practices.
4
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1.2 Problem Statement
The Canard River is the largest tributary to the 51-kilometer long Detroit River, 
on the Canadian side. The Detroit River is the Canadian and American Heritage River, 
connecting Lake St. Clair and the upper Great Lakes to Lake Erie. Under the Great Lakes 
Water Quality Agreement between the governments of Canada and the United States, 
Remedial Action Plans (RAPs) have been developed for the Areas of Concern (AOCs). 
The Canard River watershed has been included in the Detroit River AOC due to a 
contributor of agricultural non-point source pollution (Environment Canada, 2003b). 
Moreover, the intake, of Amherstburg water treatment plant located in the Detroit River, 
is only few kilometers downstream from the outlet of the Canard River watershed, which 
has substantial impact on the quality of the intake water for this treatment plant.
The Canard River watershed within the Essex Region is an intensively cultivated 
area that utilizes sufficient water for crop production. The area occasionally experiences 
flooding due to heavy storms. The watershed has been identified as the significant 
contributor of sediment and nutrient loadings to the Detroit River as a result of 
agriculture (ERCA, 2006). At the mouth of the Canard River in the Town of 
Amherstburg, there exists a large marsh complex, known as the Canard Marsh. This 
marsh has been recognized as an important area for fish and wildlife habitat, particularly 
for staging waterfowl. Therefore, adequate water supply for crops, flood control, 
reducing sediment and nutrient loadings and protecting aquatic environment of the 
Canard River watershed warrant an effective integrated water management plan for 
maintaining a healthy condition of the watershed as well as enhancing ecosystem of the 
Detroit River.
5
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Development of effective watershed management and source water protection 
plans requires analysis of hydrologic components as well as quantification of water 
quality problems for the watershed in question. A suitable watershed model can be used 
in simulating hydrologic components, determining the sources and factors that affect 
delivery of pollutants to waterways, and assessing the impact of human activities on the 
water quantity and quality. Thus, a hydrologic modelling study for the Canard River 
watershed is necessary to develop a sustainable water management plan for ensuring 
adequate water supply, protecting surface water and groundwater quality as well as 
conserving aquatic ecosystem of the watershed. SWAT model was selected for the 
hydrological modelling of the watershed.
1.3 Objectives
The overall objective of this study is to model the hydrological processes and 
assess the impact of land management practices on the water quantity and quality of the 
Canard River watershed using SWAT model. The specific objectives of the study are to:
1) Investigate the adaptability of SWAT model for the watersheds in Essex Region.
2) Perform water budget analysis of the Canard River watershed to quantify the 
available water resources.
3) Identify the areas susceptible to soil erosion within the watershed and estimate 
sediment loading.
4) Assess agricultural nutrient loadings that are responsible for water quality 
degradation.
6
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1.4 Structure of the Thesis
The thesis has been organized into five chapters. This introductory chapter 
provides background information on the water quantity and quality issues followed by the 
statement of the problem and objectives. Chapter 2 provides a literature review on 
watershed hydrology and hydrologic modelling. Chapter 3 describes the Canard River 
watershed and SWAT model, and narrates the detailed methodology of the model 
development for the watershed. Chapter 4 presents the results and discussion on model 
calibration and testing. The chapter also presents water budget analysis, and the predicted 
sediment and nutrient loadings from the Canard River watershed. Finally, Chapter 5 
concludes the thesis with a brief summary of the major findings from this modelling 
study using SWAT, and makes recommendations for future research. This thesis also 
includes two appendices. Appendix A contains information on some selected model 
inputs as explained in Chapter 3, and Appendix B deals with some detailed model outputs 
as referred in Chapter 4.
7




This section presents a review of the literature on watershed hydrology, 
particularly with regard to the water cycle within a watershed, factors affecting the water 
cycle processes, water balance or water budget for watershed, and specific water quality 
issues of sediment and nutrient pollution. The review has been performed to better 
comprehend the hydrologic processes and their influence on water quantity and quality, 
and to model them according to the objectives of this study.
2.1.1 Water cycle and watershed
The water cycle, also called the hydrologic cycle, describes how water moves 
through the atmosphere, on and under the surface of the earth, and through vegetation 
(USGS, 2006). This cycle also identifies the links between groundwater, surface water, 
and the atmosphere. The water cycle has no beginning or end, and it includes many 
continuous processes. The main components of the water cycle include precipitation, 
evaporation, evapotranspiration, infiltration, overland flow, streamflow and groundwater 
flow (Bedient and Huber, 2002).
A watershed is a hydrologic unit that drains water to a common waterway, and 
water moves continuously in a cycle within the watershed. The atmospheric water 
condenses and falls upon the watershed as rain or snow, which is considered as the 
beginning of the water cycle (Figure 2.1) for this discussion. Plants and structures within
8
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the watershed intercept some rain and snow, intercepted water evaporates directly back 
into the atmosphere or drips onto the ground. Initially, rainwater and melted snow 
infiltrate into the soil, percolate deeper into the ground, saturating the soil and recharging 
groundwater aquifers. When soils are saturated and depressions are filled, water runs off 
the ground into surface waterbodies, such as streams, lakes and wetlands. Surface waters 
may percolate into the underlying groundwater or part of groundwater may move into 
rivers and/or lakes as subsurface flow. Plants take up water from the upper soil zone 
through their roots. Eventually, water evaporates from the surface waterbodies and moist 
soil surface, and transpires from plants to the atmosphere. Thus completing the cycle and 
it continues indefinitely (USEPA, 2000).
|  Precipitatio^
_ interception /  S- y
A r  Predphation Evapotranspiration







Figure 2.1 Water cycle (Ontario Ministry of Natural Resources, 2007)
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Natural characteristics of the watershed, such as geology, landform, soils, and 
vegetation influence the water cycle processes, and thus, play an important role in 
determining available surface water supplies in rivers or lakes, and groundwater in 
aquifers. Climatic factors such as precipitation and temperature substantially affect the 
watershed. Storm type and intensity have effect on groundwater recharge, streamflow and 
flooding pattern. No or less rainfall and high temperature for a long period are mainly 
responsible for causing drought. The shape and slope of land, and stream density greatly 
influence the drainage pattern of the watershed, which in turn affect the rate of runoff 
relative to infiltration. Soil types influence the rate of runoff, percolation and lateral flow. 
Vegetation intercepts rainfall, retards overland flow, and promotes infiltration, and uses 
water for evapotranspiration process. All of these factors reduce the runoff quantity and 
affect the streamflow. Landuse activities have effect on climate, landform, soils, or 
vegetation, and thereby change the natural distribution of water within the watershed 
landscape, which ultimately affects the water balance of the watershed (Conservation 
Ontario, 2001).
The water cycle is also a major factor in water quality issues because water is an 
important medium for transporting and transforming dissolved and particulate pollutants 
(Winstanley et al., 2006). The rain or snow can contain contaminants from air pollution, 
which in turn affect the surface and groundwater quality. Surface runoff may carry soil 
particles and pollutants into surface waterbodies, such as streams, lakes and wetlands. 
Groundwater quality may be deteriorated by percolating water that contains dissolved 
pollutants (USEPA, 2000).
10
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2.1.2 Water budget
‘Water budget’ is a term for the quantification or accounting of the various 
components of the hydrologic cycle for a study area. A water budget provides systematic 
assessment of the flows and reservoirs of water in the hydrosphere over a period of time 
based on the principle of the conservation of mass. Thus, water budget for a given area 
can be expressed as:
Water Inputs = Water Outputs + Change in Storage (2.1)
The Water Inputs are: precipitation, surface and/or ground water inflows, and 
anthropogenic inputs such as waste effluent. The Water Outputs are: evapotranspiration, 
surface and/or ground water outflows, and water supply removals or abstractions (Ontario 
Ministry of the Environment, 2005)
Water budgets are simple in concept but more difficult to actually quantify 
because of the complex natural processes are involved in the water budget components, 
and also due to various human activities influence the natural water budget. A water 
budget provides understanding of flow paths that water takes through a watershed, and 
how human activities change the natural water flows. Water budget also helps in 
developing broader understanding of the interaction between surface and groundwater 
(Van Abs and Stanuikynas, 2000).
According to Cumming Cockbum Limited (CCL, 2001), the main purpose water 
budget is to assess the available surface and groundwater resources for the benefit of both 
human populations and natural systems. Winstanley et al. (2006) suggested that for 
proper water supply planning and management, water budgets for watersheds are most
11
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useful since estimating the future water budgets allows evaluating the impacts of system 
changes on water availability. In fact, every aspect of water management and 
environmental protection in a watershed requires components of a water budget analysis. 
In general, water budgets provide a valuable tool for long-term planning of drinking 
water supply, identifying water sectors where potential problems may occur, conserving 
water quality and quantity, and protecting the environment (CCL, 2001).
2.1.3 Sediment pollution
In the context of water quality, sediment usually refers to soil particles that enter 
the waterbodies from the eroding soil (USEPA, 2000). The phenomenon of soil erosion 
mostly occurs by hydrological (fluvial) processes of sheet erosion, rilling and gully 
erosion, and streambank and streambed erosion. A combination of many factors, 
including the amount and intensity of precipitation, texture of the soils, land gradient, 
ground cover, and lanuse affect the soil erosion process. Although soil erosion is a 
complex natural process but it has been accelerated by human activities, particularly 
agricultural practices and deforestation (Wu, 2005). However, sediment yield from soil 
erosion depends largely on the stream density and drainage pattern of the watershed.
Sediment, as a physical pollutant increases the turbidity level in receiving waters 
as well as impacts the natural ecosystem through its deposition in river and lake beds. 
Excess sedimentation can degrade the stream environment, diminish the health and 
diversity of fish and wildlife habitats, and interfere with recreational activities and 
aesthetic values of waterbodies (Madramootoo et al., 1997). High levels of sedimentation 
in rivers affect the hydraulic characteristics of the channel that can lead to increased
12
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flooding because of reductions in channel capacity, and have serious impacts on 
navigation through reduction in channel depth. Sediment also acts as a primary carrier of 
adsorbed chemicals, especially phosphorus, chlorinated pesticides and most metals, 
which are transported by sediment into waterbodies (Ongley, 1996) where they may 
contaminate the food chain or affect other beneficial uses of water. Moreover, increased 
sedimentation adds costs of drinking water treatment, flood management, and river and 
lake dredging (Madramootoo et al., 1997).
2.1.4 Nutrient pollution
From water quality perspective, nutrients usually refer to the plant nutrients,
which are chemical elements and compounds found in the environment that plants need
to grow and survive. Thus agriculture is the main source of nutrients that are transported 
to the aquatic ecosystem. They are primarily transported into aquatic ecosystems by the 
hydrologic pathways such as surface runoff, subsurface lateral flow, and groundwater 
recharge (White, 2005). Although nutrients are essential for healthy aquatic communities, 
excess nutrients cause eutrophication, the enrichment of surface waters with plant 
nutrients. The two major nutrients, nitrogen and phosphorus, both contribute to 
eutrophication of surface waters (Madramootoo et al., 1997).
Eutrophication promotes excessive growth of aquatic weeds and algae, and their
decay, which in turn is likely to cause severe reductions in water quality. Excessive 
growth and decomposition of aquatic vegetation, lead to oxygen depletion that impair 
fisheries and aquatic habitats. Enhanced growth of aquatic vegetation impacts human 
society as well by decreasing the resource value of rivers and lakes, and estuaries such
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that navigation, fishing, recreation, and aesthetic enjoyment are hampered (USEPA, 
2000; Ongley, 1996). In addition, health related problems can occur where eutrophic 
conditions interfere with drinking water treatment (Bartram et al., 1999). High levels of 
nitrate (a form of nitrogen) in drinking water (greater than 10 mg/L) can cause 
methemoglobinemia, a condition in which the oxygen-carrying capacity of the blood is 
impaired (USEPA, 2000).
Although both nitrogen and phosphorus contribute to eutrophication, phosphorus 
is the limiting nutrient. Phosphorus can exist in various forms such as mineral, inorganic, 
organic and soluble phosphorus. The first three phosphorus species are associated with 
the particulate phase. From agricultural lands, phosphorus is mainly transported with soil 
particles into streams or lakes (Ongley, 1996). Phosphorus is not leached readily into 
groundwater because of its low solubility and high tendency to adhere to soil particles.
In contrast to phosphorus, nitrogen is more soluble. Nitrogen can be found in 
either the organic form (ammonium) or the inorganic form (nitrate). Nitrates are easily 
leached through the soil profile into groundwater. Nitrates are also transported into 
streams and lakes by surface runoff. Ammonium ion can be adsorbed to clay particles 
and moved with soil particles into waterbodies during soil erosion. However, the 
predominant form in surface runoff is organic nitrogen as it comes from the organic 
matter being washed off the field while nitrate is the dominant form of nitrogen in 
subsurface flow (Madramootoo et al., 1997; Mueller and Spahr, 2006).
Nutrients loads from agricultural lands to waterbodies depend on hydrologic and 
soil erosion processes, as well as on many other factors including crop and land
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management, and on-farm water management activities. The impacts of non-point source 
pollution such as, sediment and nutrient pollution can be prevented, reduced or 
minimized by adapting suitable practices without sacrificing economic productivity. 
These practices are usually known as Best Management Practices (BMPs). The common 
types of BMPs include, crop nutrient management, integrated pest management, 
conservation tillage and conservation buffers (Hilliard and Reedyk, 2000).
2.2 Hydrologic Modelling
This section provides a comprehensive review of the literature on hydrologic 
modelling, including hydrologic models, model classification, review on models, GIS 
applications to watershed modelling, model evaluation, SWAT applications, and 
sensitivity analysis and calibration. The review has been made to have a better idea about 
hydrologic modelling, selecting a suitable modelling tool according to the study 
objectives as well as to gain knowledge to apply the selected model in the study area for 
achieving the study goals.
2.2.1 Hydrologic models
The term ‘model’ denotes a set of equations or algorithms that are used to 
simulate the behavior of physical system; and it is also used to refer the available 
computer software tools that automate the calculation of equations or combination of 
equations representing the system (Shoemaker et al., 2005). According to Whipple 
(1996), models provide a mathematical or computational framework to describe a 
specific system and its operation that facilitates to study, identify and evaluate probable 
solution to the complex real world problems. Hydrologic models are simplified
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representations of actual complex hydrologic systems, and predict hydrologic responses. 
They help to study the function and interaction of various inputs, and provide better 
understanding of hydrologic events (Brooks et al., 1991) and long term water balance 
(CCL, 2001). The purpose of hydrologic modelling is to assess the distribution and 
movement of water over land, underground, and in-stream, as well as the amount of 
water stored in the soil and natural bodies of water, and their exchange (Dingman, 2002).
As the hydrologic response of a watershed is the driving force in transporting 
pollutants both in surface and groundwater systems (Muleta, 2003), watershed models 
having water quality components are also employed to understand the role of 
hydrological processes in water quality problems, and estimate water pollutants loading. 
The models also provide assessment tools for decision making in regard to various water 
management issues (Arabi, 2005). Moreover, watershed models are used to assess the 
impact of climate change on water resources and agricultural productivity (Singh and 
Woolhiser, 2002); and predict future water availability to plan water allocations for 
different uses including, drinking, industrial use, irrigation, in-stream use, and storage in 
water bodies for aquatic habitats to maintain healthy environment of watersheds.
2.2.2 Model classification
Hydrologic models can be classified according to a wide range of characteristics. 
In this section, major classifications of models for watershed analysis are reviewed. A 
deterministic model considers a specific set of rules or theory, and for a given set of input 
it always produces the same output, while a stochastic model is governed by the laws of 
probability, and it has outputs that are at least partially random (Chow et al., 1988).
16
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
According to Refsgarrd (1996), deterministic models can be further classified based on 
the description of the hydrological processes, viz., empirical, conceptual and physically- 
based. Empirical (black box) models are developed from experiments or observed input- 
output relationships without describing the behavior caused by individual processes. 
Conceptual models (grey box) are intermediate to empirical models and physically-based 
models, and they generally consider physical laws, but in highly simplified form. 
Physically-based, also called process-based (white box) models, are described in terms 
of important governing laws associated with the hydrologic cycle, and they have a logical 
structure similar to the real system being modeled (Muleta, 2003).
Based on spatial variation of system variables and parameters, deterministic 
models are classified into lumped model and distributed model. Lumped models consider 
watershed as one computational unit, and watershed parameters are averaged over this 
unit. Distributed models, on the other hand, consider hydrologic processes taking place at 
various points in space, and define the model variables as functions of the space 
dimensions (Chow et al., 1988). Deterministic models can also be categorized as event 
model and continuous model based on their simulation time span. Event or single-event 
models simulate a particular event or process for a short time period, and they are mainly 
designed to simulate rainfall-runoff from single storm events (Bedient and Huber, 2002). 
Continuous models simulate the phenomenon for several years, and they are suitable for 
water budget analysis (CCL, 2001) as well as for long-term assessment of hydrological 
and landuse change, and watershed management practices (Arabi, 2005).
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2.2.3 Review on models
With the introduction of the digital computer applications into hydrology, the first 
comprehensive hydrologic model namely, Stanford Watershed Model (SWM), was 
developed by Crawford and Linsely during the early 1960s at Stanford University, and 
the model was able to simulate all of the major processes in the hydrologic cycle (Singh 
and Woolhiser, 2002). By the early 1970s, the developers of SWM expanded and created 
the Hydrocomp Simulation Program (HSP) by refining SWM. HSP included general non­
point source loadings and water quality simulation capabilities and had demonstrated the 
utility of water quantity and quality simulation by modelling a range of water quality 
constituents in a large basin (Donigian and Imhoff, 2003). During the 1970s and 1980s, a 
number of mathematical models were developed for simulation of watershed hydrology 
as well as for applications in other areas including environmental and ecosystems 
management. The development of new models and improvement of previously developed 
models are continuing. At present many watershed models are available for different 
applications to address a wide range of water resources and environmental problems 
(Singh and Woolhiser, 2002), and the authors listed a sample of popular hydrologic 
models used around the globe and their respective key features.
Since the present study focuses on hydrologic analysis, and simulating sediment 
and nutrient loads from a predominantly agricultural watershed, the main interest in this 
case is to review the available hydrologic and non-point source water quality models that 
are applicable to agricultural watersheds. Thomas et el. (2004a) presented a summary of 
about 42 available agricultural non-point source water quality models in order to provide 
a starting point in selecting and choosing a model for user particular application. Their
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report included main features of each of the reported models viz., model characteristics, 
model validation, interfaces, processes simulated, and model contact information.
Borah and Bera (2003) reviewed eleven commonly used continuous and storm 
event watershed scale models and provided a summary of the mathematical bases of the 
models. As the water balance analysis requires the use of continuous simulation models 
which are capable of accounting for detailed water budget variations over time periods of 
several years (CCL, 2001), model review for this study is further confined to only 
continuous simulation hydrological and water quality models suitable for agricultural 
watersheds. Among the eleven models, five models were continuous simulation models 
having hydrology, sediment, and nutrient components, and useful for analyzing long-term 
effects of hydrological changes and watershed management practices, especially 
agricultural practices. The reported models are: Annualized Agricultural NonPoint 
Source model (AnnAGNPS), Areal Nonpoint Source Watershed Environment Response 
Simulation-Continuous (ANSWERS-Continuous), Hydrological Simulation Program- 
Fortran (HSPF), the European Hydrological System model (MIKE SHE), and Soil and 
Water Assessment Tool (SWAT). Therefore, a review on these five popular continuous 
simulation models is provided as follows.
ANSWERS-Continuous model emerged from the ANSWERS, a storm event 
model developed in the late 1970s by Beasley and Huggins (Dillaha et al., 2004). The 
current version of the model is also known as ANSWERS-2000, which is a distributed 
parameter, physically-based, continuous simulation model developed for evaluating the 
effectiveness of agricultural and urban watershed BMPs in reducing sediment and
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nutrient delivery to streams in surface runoff. The model was intended to use in ungaged 
watersheds where data for model calibration is not available. The model divides the 
watershed into uniform square grids of one hectare or less, within which it considers 
homogeneous soil properties, landuse, slopes, crops, nutrients, and management 
practices. The model uses breakpoint precipitation data and simulates on a 30-second 
time step during runoff events, and on a daily time step between runoff events. The 
model does not simulate snow pack and snowmelt, which is the major limitation to use 
this model in the areas with significant winter snow accumulation and snowmelt (Dillaha 
et al., 2004).
AnnAGNPS model is the modification of the AGNPS, a single event model 
developed in the early 1980s by the USDA Agricultural Research Service (USDA-ARS) 
(Bosch et al., 2004b). AnnAGNPS is a multi-event, continuous simulation and 
distributed-parameter model. It was designed to evaluate non-point source pollution 
predominantly from agricultural watersheds, ranging in size from a few hectares to 
300,000 hectares. The watershed is subdivided into homogenous land areas (cells) with 
respect to soil type, landuse, and land management. The model simulates water, 
sediment, nutrients, and pesticides based on daily time step, and includes many more 
features than AGNPS (Yuan et al., 2003). Surface runoff is calculated using the curve 
numbers while sediment is determined by using the Revised Universal Soil Loss 
Equation (RUSLE). The model has the capability to evaluate best management practices 
(BMPs). One of the limitations of the model is that all runoff and associated sediment, 
nutrient, and pesticide loads for a single day are routed to the watershed outlet before the 
next day simulation (Shoemaker et al., 2005).
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HSPF is a widely used watershed model developed by the United States 
Environmental Protection Agency (USEPA), which was first publicly released in 1980 
(Borah and Bera, 2003). HSPF is basically evolved from the SWM model developed 
in 1960s, and is an extension of the previously developed three models: Hydrocomp 
Simulation Program (HSP) model, Agricultural Runoff Management (ARM) model, and 
the Nonpoint Source Runoff (NPS) model. The model simulates watershed hydrology 
and water quality for a wide range of conventional and toxic organic pollutants, and can 
generate time series results of any of the simulated processes (Donigian and Imhoff, 
2003). In this model, a subwatershed is typically conceptualized as a group of various 
landuses all routed to a representative stream segment; and several small subwatersheds 
and representative streams can be networked together to represent a larger watershed. 
The model lumps simulation processes for each landuse type at the subwatershed level 
and it requires extensive calibration, which are the limitations of the model (Shoemaker 
et al., 2005).
MIKE SHE is a modular system model based on SHE (Systeme Hydrologique 
Europeen) model. SHE model was developed by a European consortium of three 
organizations, namely the British Institute of Hydrology, the French consulting firm 
SOGREAH, and the Danish Hydraulic Institute (Borah and Bera, 2003), and became 
operational in 1982. Initially, the model was intended for the use of the modelers 
involved with water management and environmental protection in Europe (Yan and 
Zhang, 2004). MIKE SHE is a comprehensive, distributed, fully integrated and 
physically based model that simulates water, sediment, and water quality parameters. 
This modelling system is used to predict pollutant loading and transport, pesticide
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leaching as well as to evaluate the best management practices (BMPs) on watersheds and 
their underlying aquifers (Shoemaker et al., 2005). The model has both continuous long­
term and single-event simulation capabilities. MIKE SHE requires extensive model data 
and physical parameters, and some of the parameters are not available in many cases, 
which make it difficult to set up the model (Yan and Zhang, 2004).
SWAT is a physically based and continuous time model that was developed by 
the Agricultural Research Service (ARS) of USDA in the early 1990s (Neitsch et al., 
2002b). It is mainly originated from the from SWRRB (Simulator for Water Resources in 
Rural Basins) model. It also incorporated the features from other models including 
CREAMS (Chemicals, Runoff, and Erosion from Agricultural Management Systems), 
GLEAMS (Groundwater Loading Effects on Agricultural Management Systems) and 
EPIC (Erosion-Productivity Impact Calculator). The model was developed to assist water 
resource managers in assessing the impact of management and climate on water supplies 
and non-point source pollution in watersheds and large river basins. SWAT predicts the 
impact of land management practices on water, sediment, and agricultural chemical 
yields in large complex watersheds with varying soils, landuse, and management 
conditions (Arnold and Fohrer, 2005). The model divides a watershed into 
sub watersheds, which are connected through stream channels. Subwatersheds are further 
divided in to a number of hydrologic response units based on unique combination of a 
soil and landuse (Shoemaker et al., 2005). SWAT model is designed for long-term yield 
predictions and is not suitable to simulate detailed single-event flood routing (Borah and 
Bera, 2003).
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2.2.4 GIS applications in modelling
The spatial and temporal variability in landscape characteristics including soil 
type, landuse, topography and climate affects the hydrologic response of watersheds. 
Geographic information system (GIS) provides an effective tool to extract, organize as 
well as manipulate and display the spatially disparate data. Considering the spatial 
character of various parameters in hydrologic processes, GIS has become an integral part 
of hydrologic modelling. A watershed, with its subwatersheds and streams, is the 
fundamental structure for hydrologic computation for both lumped-parameter and 
distributed hydrologic models (Bedient and Huber, 2002). GIS applications in hydrology 
has made possible of automated watershed and stream network delineation. In order to 
facilitate the implementation of automated watershed delineation and stream network 
generation user interfaces in GIS have been developed. The interface provides 
communication between the user and the GIS software through a set of methods or 
procedure, and performs integration of multiple databases and simulation models 
(Sarangi et al., 2004).
Olivera and Maidment (2000) developed CRWR-PrePro (Centre for Research in 
Water Resources-Pre-Processor), an interface with ArcView GIS to extract topographic, 
topologic and hydrologic information from spatial data and prepare input files of HEC- 
HMS (Hydrologic Engineering Centre-Hydrologic Modelling System) hydrologic model. 
The interface allows the delineation of subwatersheds and stream network using DEM. 
To facilitate integrated watershed management analysis, Sarangi et al. (2004) developed 
Watershed Morphology Estimation Tool (WMET) interface, which performs a sequence 
of activities including watershed delineation, stream network generation, and estimation
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of geomorphological parameters. The authors also cited some other developed interfaces 
for watershed delineation and hydrologic analysis. WSDT (Watershed and Stream 
Delineation Tool) is another interface used for watershed delineation and stream network 
generation from DEMs. Terrain Analysis Using Digital Elevation Models (TauDEM) is a 
set of tools for the analysis of terrain using DEMs.
Applications of GIS to watershed modelling for agricultural areas were reviewed 
by Wu et al. (2005). They reported that a variety of specific problems were addressed in 
previous studies, and diverse tasks were accomplished by integrating GIS with 
hydrologic and water quality models using different approaches. The previous works 
included mainly environmental auditing, pollution potential ranking, and developing 
spatial decision support system. Currently, distributed-parameter models are used to solve 
large scale non-point source pollution problems using detailed digital terrain data, soils, 
land cover and other spatial data in the modelling of hydrological processes. In this 
consideration, different efforts have been made to integrate GIS with hydrologic and 
water quality models. Some of them are reviewed from available literature.
Srinivasan and Engel (1994) developed a spatial decision support system (SDSS) 
linking a distributed parameter and storm event model, AGNPS (Agricultural NonPoint 
Source) with GRASS (Geographic Resources Analysis Support System) to assess 
sediment, nutrient, and runoff movement from the watershed. The SDSS assists in 
extracting input parameters as well as analyzing and visualizing the output of the non­
point source pollution simulations. Srivastava et al. (2001) illustrated the development of 
AnnGIS, an integrated GIS system for a continuous simulation AnnAGNPS model. The
24
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
integrated system was developed using the Arc View GIS and related program extensions. 
AnnGIS can be used efficiently for modelling studies and management plans. This 
system helps to extract and store tabular and spatial input parameters, develop analysis 
scenarios, and visualize input and output data in tabular, spatial and graphical forms.
AVSWAT, a GIS based hydrological system linking the SWAT model and 
ArcView GIS software. The GIS component of the system performs functions of the data 
acquisition, storage, organization and display. It also implements advanced analytical 
methods with enhanced flexibility to improve the hydrological characterization of the 
watersheds. User friendly graphic interface of AVSWAT, a part of GIS component, 
provides an efficient interaction with the model and the associated parameter databases 
(Di Luzio, et al., 2004). Recently, ArcGIS-SWAT has been developed for SWAT using 
the ArcGIS platform, which consists of a data model and a GIS interface for SWAT. The 
ArcGIS-SWAT data model uses the geodatabase structure that can store geographic as 
well as numeric and text information. ArcGIS-SWAT extracts hydrologic information 
from spatial data, stores it in the data model, uses it for preparing SWAT input files, runs 
SWAT, and writes the SWAT output on the data model. A new feature of ArcGIS-SWAT 
is its capability to georeference the HRUs, which allows accounting for the HRU's 
location within the subbasin. It provides the estimation of individual parameter values, 
without lumping them over their subbasin (Olivera et al., 2006).
2.2.5 Model evaluation
Model evaluation deals with the comparison of model results or capabilities to 
other models, or some specific response. Literature on previous model evaluation studies
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is useful in helping potential model users to select a model. Model evaluation is a 
continuing need because modifications and improvements are made to existing models, 
and new models arrive each year (Thomas et el., 2004b). Many different model 
evaluation efforts have been initiated to evaluate and compare hydrologic and water 
quality models for particular situations. In recent years, Shoemaker et al. (2005) 
evaluated more than 65 available models for simulation of watershed and receiving water 
conditions. In this comprehensive review, detailed information was provided on the 
capabilities and applicability of each model to Total Maximum Daily Load (TMDL) 
development and related watershed management activities. The evaluation was 
performed to facilitate comparison of models in terms of their capabilities related to key 
technical, practical and software aspects.
Kalin and Hantush (2003) evaluated key features of the widely cited watershed 
scale and water quality models. They reported that SWAT and AnnAGNPS are most 
suitable for sediment and nutrient simulation analysis in agricultural areas. SWMM 
(Storm Water Management Model) was identified as most preferable loading model for 
urban areas and HSPF was recommended model for large watersheds with mixed landuse 
containing both rural and urban areas. MIKE SHE was evaluated as comprehensive 
modelling system with varying degrees of complexity.
Ward and Benaman (1999) reviewed and evaluated a number of watercourse 
models with respect to their potential for application to aquatic systems of Texas for 
determining TMDL. After successive screening they recommended that HSPF, SWAT 
and PRMS (Precipitation-Runoff Modeling System) as the most appropriate watershed
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models. According to their assessments, the deterministic basis of HSPF hydrology and 
sediment loading is preferable to the empirical basis of SWAT. Although PRMS 
appeared to have a better formulation of both hydrology and sediment, it lacked the 
capability to simulate transport of other waterborne constituents, particularly those 
derived from the landscape.
The performance of HSPF and SWAT were evaluated by Singh et al. (2005) for 
simulating the hydrology of the Iroquois River watershed in Illinois and Indiana. Their 
study depicted that the characteristics of simulated flows from both models were mostly 
similar to each other and to observed flows, particularly for the calibration results. SWAT 
predicted flows slightly better than HSPF for the verification period, mainly due to better 
simulation of low flows. Van Liew et al. (2003) also compared streamflow prediction 
capabilities of SWAT and HSPF models on eight nested agricultural watersheds in 
southwestern Oklahoma. They found that HSPF performed better for calibration while 
SWAT gave better results for the validation of the watersheds. The authors concluded 
that SWAT exhibited more robustness and provided more consistent results than HSPF in 
estimating streamflow for the watersheds under various climatic conditions.
Saleh and Du (2004) evaluated the performances of SWAT and HSPF models, 
both incorporated within the framework of Better Assessment Science Integrating point 
and Non-point Sources (BASINS), in the prediction of streamflow, sediment yield and 
nutrient loads. The authors reported that SWAT was more user-friendly and much better 
predictor of daily and monthly nutrient loading while HSPF was a better predictor of 
temporal variations of daily flow and sediment. In another study, Abu El-Nasr et al.
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(2005) assessed the performance of two different models, the fully distributed MIKE 
SHE model and the semi-distributed SWAT model. They found that both models were 
able to simulate the hydrology of the study catchment in an acceptable way. Although the 
two models differ in concept and spatial distribution, the calibration results of the models 
were quite similar but the MIKE SHE model predicted slightly better the overall variation 
of the river flow.
Based on the above cited literature, SWAT appears to be a potential model for 
this modelling study in an agricultural watershed, and a further review on SWAT 
applications has been made, which is presented in the subsequent section.
2.2.6 SWAT applications
Numerous studies have been carried out around the globe using the SWAT since 
it emerged in the early 1990s. A comprehensive review of SWAT applications were 
presented by Gassman et al. (2005) in which over 160 peer-reviewed publications of 
SWAT applications were identified, and the research findings were summarized for many 
of these publications. Borah and Bera (2004) also reviewed and compiled seventeen 
applications of SWAT from the literature, and suggested that SWAT is a promising 
model for long-term continuous simulation in mainly agricultural watersheds. However, 
during this study, a number of SWAT applications were reviewed in order to have a 
thorough understanding about the techniques, uses and performance of SWAT, which are 
presented in this section as well as in other relevant sections.
SWAT has been extensively used in the United States. It is included in the 
USEPA’s Better Assessment Science Integrating point and Non-point Sources (BASINS)
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modelling system to support Total Maximum Daily Load (TMDL) analysis, and is being 
used by many U.S. Federal and State agencies (Gassman et al., 2005). As a part of 
HUMUS (Hydrologic Unit Model of the United States) project, SWAT was validated 
against measured USGS streamflow data across the U.S. (Arnold et al., 1999). HUMUS 
project used SWAT also for conducting a national-scale analysis of the effect of 
management scenarios on water quantity and quality (Jayakrishnan et al., 2005).
Srinivasan et al. (1998) reported that SWAT was successfully calibrated and 
validated to the Richland and Chambers Creek watersheds in the Upper Trinity River 
basin in Texas. They reported that the model overestimated monthly streamflows in few 
years during the spring/summer months due to high variability of rainfall. Qi and 
Grunwald (2005) found that the simulation of SWAT water flow in the Sandusky 
watershed in Ohio was satisfactory except for winter rainfall-runoff events; however, the 
study indicated the importance of spatially distributed calibration and validation. Bingner 
(1996) stated that SWAT adequately simulated runoff from the Goodwin Creek 
Watershed in Mississippi, which in turn provided better predictions of the movement of 
sediment, nutrients and chemicals.
SWAT was applied in Bosque river basin, Texas for water quality analysis and 
the study demonstrated its potential for application in TMDL studies (Jayakrishnan et al.,
2005). Santhi et al., (2006) applied SWAT to quantify the impacts water quality 
management plans implemented in the West Fork Watershed of Trinity River Basin in 
Texas through simulation of a couple of BMP scenarios to reduce non-point source 
pollution. The study depicted that SWAT can be used to estimate the impacts of water
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quality management programs in large watersheds. Chaplot et al., (2004) employed 
SWAT in simulating scenarios of landuse and land management, and they found that 
adoption of no tillage and changes in nitrogen application rate could significantly impact 
nitrogen loses in the Walnut Creek Watershed in central Iowa.
Bosch et al. (2004a) found that streamflow prediction of SWAT was more 
accurate using high-resolution spatial data than the low-resolution data after applying the 
model on a coastal plain agricultural watershed in Georgia, U.S. Chaubey et al. (2005) 
reported from a study in the Moores Creek Watershed in Arkansas, that DEM resolution 
affects the watershed delineation, stream network and subbasin classification of the 
SWAT model; and so a decrease in DEM resolution resulted in decreased streamflow and 
nitrate load predictions. Jha et al. (2004) conducted a study in four Iowa watersheds, 
which indicated that watershed subdivision had a little effect on SWAT streamflow 
prediction while sediment, nitrate and inorganic phosphorus yield predictions were 
significantly affected by the total number of subwatersheds within a watershed.
Goel et al., (2004) evaluated SWAT for Canagagigue Creek watershed within 
southwestern Ontario, Canada. This study indicated that the model could potentially be 
used for simulation of flows and sediment yield in the watershed. Fowler (2003) applied 
SWAT to the Black Brook and Little River basins to assess the impacts of agriculture and 
forestry on stream discharge, sediment loads, and chemical loads in the potato belt of 
northwestern New Brunswick, and suggested for further testing of the model for more 
reliable predictions.
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As reported by Conan et al. (2003), SWAT adequately simulated hydrologic 
processes in describing the changes from wetlands to dry lands of the Guadiana river 
basin in Spain, nevertheless, the model could not simulate the behavior of the aquifer in 
detail as a result of landuse changes. Gosain et al. (2005) used SWAT to assess return 
flows after the introduction of canal irrigation in a basin in Andra Pradesh, India, and 
thus SWAT provided support to the water managers in planning and managing the water 
resources. Kang et al. (2005) stated that SWAT simulated runoff and water quality were 
found to be within an acceptable limit for a small watershed containing rice paddies in 
Korea, and the model was useful for predicting and evaluating TMDL. A hydrologic 
modelling study of the Sondu river basin in Kenya using SWAT indicated the potential 
for application of the model in African watersheds. However, due to the scarcity of 
detailed data, the study emphasized the need for the development of model input datasets 
for better simulation (Jayakrishnan et al., 2005).
A variety of SWAT applications as described in this section confirms the ability 
of SWAT to model hydrologic and/or pollutant loads on an annual or monthly basis at 
different spatial scales across the globe. Moreover, SWAT has gained international 
acceptance as a flexible and robust watershed modelling tool as evidenced by the 
popularity of the three international SWAT conferences, and numerous articles published 
in the journals (Gassman et al., 2005). Therefore, SWAT has been selected for this study. 
Finally, review of the literature on sensitivity analysis and calibration of model with the 
emphasis on SWAT parameters has been made and presented in the following section.
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2.2.7 Sensitivity analysis and calibration
Sensitivity analysis is a fundamental tool for the assessment of the input 
parameters with respect to their impact on model output. Parameters identified in 
sensitivity analysis that substantially affect predicted outputs are often used to calibrate a 
model (White and Chaubey, 2005). Sensitivity analysis provides valuable information 
regarding the behaviour of the underlying simulated system. This information is useful 
for better understanding of the model structure for the given components of a system, 
model quality assurance, and model developing in general (Tarantola and Saltelli, 2003). 
Moreover, sensitivity analysis is important for model validation and reduction of 
uncertainty (Lenhart et al., 2002). The publications that provide details on the sensitivity 
analysis and calibration of SWAT model parameters were reviewed and presented in the 
subsequent paragraphs.
White and Chaubey (2005) reported that the SWAT parameters with the highest 
sensitivity for surface flow, total flow and sediment were CN2 (SCS runoff curve number 
for moisture condition II), ESCO (Soil evaporation compensation factor) and CNOP 
(Curve number for operation) respectively. A global sensitivity analysis strategy for the 
SWAT model parameters was illustrated by van Griensven et al. (2006). Their study 
indicated some generalizations among basins with an overall importance of curve number 
CN2, and the importance of the groundwater parameter ALPHA_BF in the water quality 
predictions of SWAT. Their study also suggested that the hydrologic parameters are 
dominant in controlling water quality predictions, in general. Lenhart et al. (2002) 
compared two approaches of sensitivity analysis, in which one parameter was varied at a 
time while holding the others fixed for the both cases but the ranges of variation were
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defined in different ways. They found similar results and suggested that parameter 
sensitivity may be determined without the results being influenced by the chosen method. 
They also concluded that most sensitive parameters for hydrology and water quality were 
the physical soil properties such as bulk density, available water capacity or hydraulic 
conductivity; and slope length, slope steepness, and curve number.
Eckhardt and Arnold (2001) stated that due to spatial variability, measurement 
errors, etc., the values of many parameters of a complex hydrologic model are not known, 
and thus in most cases a model calibration is necessary. In modelling, calibration is a 
process of estimating model parameters through their adjustment to obtain a match 
between predicted output of interest and observed data until a defined objective function 
is achieved. The objective function for model calibration generally consists of a statistical 
test, such as minimization of relative error, minimization of average error, or 
optimization of the model efficiency criteria (White and Chaubey, 2005).
The input parameters of SWAT model are physically based, which are allowed to 
vary within a realistic uncertainty range for calibration (Gassman et al., 2005). Santhi et 
al. (2001) discussed a general procedure of manual calibration technique for streamflow, 
sediment, nitrogen and phosphorus loss simulation using SWAT. The authors suggested 
the sensitive input parameters, realistic uncertainty ranges, and reasonable regression 
results. White and Chaubey, (2005) provided useful information from previous 
publications regarding calibrating SWAT model. They also presented methods for 
calibrating and validating a SWAT model using multiple sites and multiple variables. Di 
Luzio and Arnold (2004) described the background, formulation, and results of an hourly
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input-output calibration approach, which included an automatic component to the manual 
calibration process for potential use in the SWAT model. Eckhardt and Arnold (2001) 
presented an automated calibration method of the SWAT-G version of the model that 
used a global optimization algorithm and successfully applied in a mesoscale catchment.
After reviewing a number of SWAT applications, Borah and Bera (2004) reported 
that most of the calibration and validation of the model as found in the literature were 
based on monthly flows. They concluded that the monthly flow predictions of SWAT 
were generally good, except for the months with extreme storm events and hydrological 
conditions, while the daily predictions were ranged from fair to poor.
2.3 Summary
This chapter provides an exhaustive literature review on watershed hydrology and 
watershed modelling. First part of the chapter has covered some fundamental aspects of 
watershed hydrology, i.e., the water cycle processes, and how the watershed hydrology is 
affected by the various factors, such as climate, soil, vegetation, landuse, and drainage 
pattern of the watershed. The importance of water budget, which quantifies different 
components of the water cycle, has also been presented from the literature. The review 
indicates that every aspect of water resources planning, water management, and 
environmental protection for a watershed requires elements of water budget analysis.
With regard to water quality issues, the major concerns in water quality 
deterioration due to non-point sources are the sediment and nutrient pollutants, which are 
generally transported from the agricultural lands into waterbodies by the hydrologic 
pathways. The literature shows that sediment, and nutrients, particularly phosphorus and
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nitrogen enrichments in surface water can severely impact the human society and aquatic 
system in many ways by degrading water quality.
The second part of this chapter has presented the review of the literature on 
hydrologic modelling, model classification, available models, and watershed modelling in 
relation to the objectives of the study. Hydrologic models are useful tools that can 
simulate the hydrologic processes and water quality responses. They are applied to assess 
available water resources for different uses, as well as to study, identify and evaluate 
possible solutions to the diverse water resources and environmental problems.
Currently, a variety of distributed parameter watershed models are available that 
integrate GIS components to handle the variable spatial characteristics of a watershed. 
According to review of the literature, five models, ANSWERS-Continuous, AnnAGNPS, 
HSPF, MIKE SHE and SWAT, are found to be promising models for continuous 
simulation of hydrology and water quality. However, literature on model evaluation and 
SWAT applications demonstrates that SWAT is a more preferable model for 
predominantly agricultural watersheds. Therefore, SWAT has been chosen for the 
modelling study of the Canard River watershed. Accordingly, review of the literature on 
sensitivity analysis and calibration of SWAT model parameters has also been provided at 
the end of the chapter, and the review reveals that SWAT parameters vary within a 
realistic uncertainty range.
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The Canard River watershed is within Essex County and located in the southern 
most part of Ontario, on peninsula of land in the Great Lakes Basin. The Essex County is 
bounded by Lake St. Clair to the North, the Detroit River to the West and Lake Erie to 
the South, and the neighboring Kent County to the East (Figure 3.1). The City of Windsor 
in the northwest section of the County is about 175 km from London and around 390 km 
from Toronto.
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Figure 3.1: Map of the Canard River watershed and Essex Region
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The Essex Region has a humid continental climate with four distinct seasons. 
Based on the climate normals (1971-2000) for Windsor Airport weather station, the 
annual average precipitation is about 920 mm, and the annual rainfall component is about 
805 mm. The coldest month is January with an average high temperature of -1°C and the 
warmest is July with an average high of 28°C. The winters are cold and wet with an 
average snowfall of about 130 cm and temperatures are normally somewhat below 0°C. 
The average summer temperature is around 20°C, with a mean July temperature of about 
23°C. The summer high temperature can reach as high as 38°C (Environment Canada,
2006). The summers usually have a generous number of warm or hot sunny days 
whereas winter has less sunny days. The area is in a very favorable climatic position 
when compared to other parts of Ontario. It is notably the warmest part of the Province. 
The growing season usually begins during the first week of April, approximately, a week 
earlier than any other area in the Province (Richards et al., 1949).
This region is one of the premier agricultural areas of Canada since the soils and 
climate of the region are particularly suitable to agriculture. A wide variety of crops such 
as wheat, com and soybeans as well as cash crops like tomatoes, strawberries and fruits 
are grown. At one time, this flat part of southern Ontario was covered by a glacial lake, 
and subsequently, the fluvial-glacial sediments of this ancient lake had formed very rich 
agricultural land of the region. The native prairie type grasses of Essex Region were 
cleared many years ago for agriculture, and pockets of these native grasses, however, are 
still found and conserved to support many birds and vegetation. The location and climate 
of this region have created a unique natural environment, resulting in flora and fauna not 
commonly found in other parts of the country (Natural Resources Canada, 2007).
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The Essex Region is characterized by more than 20 watersheds that flow into the 
surrounding water bodies. The Canard River watershed is the largest one within the Essex 
Region, and mainly an agricultural watershed. The watershed area is about 348 km2, of 
which around 9% area is occupied by the urban and rural residential areas. The Canard 
River drains a large area of central and western Essex County, and outlets into the Detroit 
River. The soils of this area are predominantly clayey in texture. The topography is level 
to slightly undulating and the natural drainage is categorized as poor. Artificial drainage 
is used extensively to improve the productivity of the land. Com, wheat and soybeans are 
the main crops of this area. Some cash crops and orchard crops are also grown, and a 
small area is covered by woodlands within the Canard River watershed.
3.2 Model Selection
In order to select a suitable model for the modelling of the Canard River 
watershed, a detailed literature review has been made and presented through Sections
2.2.3 to 2.2.6 in Chapter II. Model selection mostly depends on particular requirements of 
the application. According to the objectives of the study, five continuous simulation 
models were found as candidate models for the study, which are ANSWERS-Continuous, 
AnnAGNPS, HSPF, MIKE SHE and SWAT. Overview of these models is provided in 
Section 2.2.3 of Chapter II. In choosing a model for a specific study, other factors such as 
model documentation, details of model processes, model parameterization, previous 
model usage, and spatial and temporal scale and extent of the model application are likely 
considered (Boorman et al., 2007).
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Among the candidate models, ANSWERS-Continuous does not simulate snow 
pack and melt, which is the major limitation to use this model in the study area 
particularly for winter season (Dillaha et al., 2004). Although MIKE SHE is a 
comprehensive model, it requires extensive input data and physical parameters, and due 
to unavailability some of the parameters, in many cases it becomes difficult to set up the 
model (Yan and Zhang, 2004). This model package is proprietary and it is needed to 
purchase multiple modules to take full advantage of the system (Shoemaker et al., 2005). 
AnnAGNPS is relatively newer model and most of its components are similar to SWAT. 
Both HSPF and SWAT are widely used models. SWAT is a promising model for 
continuous simulations in predominantly agricultural watersheds whereas HSPF is 
suitable for mixed agricultural and urban watersheds (Borah and Bera, 2003). Review of 
the literature on three different comparative studies between HSPF and SWAT (Saleh and 
Du, 2004; Singh et al., 2005; Van Liew et al., 2003) are presented in Section 2.2.5 of 
Chapter II of this thesis.
SWAT is the most preferable model for this study because the Canard River 
watershed is an agricultural watershed. It has extensive documentation (Neitsch et al., 
2002a, b) and user-friendly GIS interface (Di Luzio et al., 2002). Numerous previous 
applications as discussed in Section 2.2.5 of Chapter II have demonstrated that SWAT is 
a robust and flexible modelling tool. Furthermore, SWAT developers and forums are 
available to provide technical support to the model users. Therefore, SWAT was selected 
for this study to perform water budget analysis as well as to predict sediment and nutrient 
loads from the Canard River watershed. SWAT2000 version and ArcView GIS interface 
AVSWAT2000 were used for the present study.
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3.3 Soil and Water Assessment Tool (SWAT)
SWAT is a conceptual, continuous time model that was developed in the early 
1990s to assist water resources managers in assessing the impact of management and 
climate on water supplies and non-point source pollution in watersheds and large river 
basins. SWAT is the continuation of over 30 years of model development within the US 
Department of Agriculture’s Agricultural Research Service (Arnold and Fohrer, 2005). 
The version, SWAT2000 has several significant enhancements and an ArcView GIS 
interface AVSWAT2000 is also available for this version. SWAT descriptions have been 
adopted from the available SWAT documentations (Neitsch et al., 2002a, b) and provided 
in this section.
The model simulates the major hydrologic components and their interactions in a 
simple but realistic fashion. Upland components of the model include hydrology, 
weather, erosion/sedimentation, soil temperature, plant growth, nutrients, pesticides, and 
land and water management. Stream processes considered in SWAT include channel 
flood routing, channel sediment routing, and nutrient and pesticide routing and 
transformation. The ponds and reservoirs component of the model contains water 
balance, routing, sediment settling, and simplified nutrient and pesticide transformation 
routines. Water diversions into, out of, or within the basin can be simulated to represent 
irrigation and other withdrawals from the system.
The hydrologic processes simulated by the SWAT are divided into a land phase 
and a stream phase. The land phase controls the transport of water, sediment and 
agricultural chemicals to the channel system. The stream phase routes the flow and 
constituents through the main channel to the watershed outlet. Land phase calculations
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are based on the mass balance of the components of the hydrologic cycle: precipitation, 
soil moisture, surface runoff, evapotranspiration, infiltration and groundwater flow. 
Infiltration and surface runoff are calculated by the SCS curve number method for daily 
time step or using Green-Ampt’s equation for sub-daily time step. Lateral subsurface 
flow is computed using kinematic storage model and groundwater flow is computed 
using empirical relations. In the model, three options are provided for estimating potential 
evapotranspiration viz., Hargreaves, Priestley-Taylor and Penman-Monteith method.
Weather Generator of the SWAT simulates daily weather variables from monthly 
weather data. Daily precipitation is generated using the Nicks model. Air temperature and 
solar radiation are generated from normal distribution and adjusted from a continuity 
equation. Modified exponential equation is used in simulating daily wind speed data. A 
triangular distribution is used to simulate the daily average relative humidity, and it is 
adjusted to account for wet and dry day effects of temperature and radiation.
Sediment yield is computed from the Modified Universal Soil Loss Equation 
(MUSLE) equation. Amount of nitrates contained in runoff, lateral flow and percolation 
are estimated as the products of the volume of water and the average concentration. 
Soluble phosphorus content in surface runoff is estimated based on the concept of 
partitioning of pesticides into the solution and sediment phases as phosphorus is mostly 
associated with the sediment phase.
Flood routing is computed using either variable storage coefficient method or the 
Muskingum routing method. The model uses Bagnold’s stream power concept for bed 
degradation and sediment transportation. The in-stream kinetics used in SWAT for 
nutrient routing are adapted from Enhanced Stream Water Quality Model (QUAL2E).
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3.4 ArcView-SWAT Interface (AVSWAT)
AVSWAT is an environment that provides capabilities for preprocessing, 
interface and post-processing of SWAT data and output. AVSWAT was developed by 
integrating SWAT and ArcView GIS software along with its Spatial Analyst extension. 
The input interface automatically subdivides a basin or watershed and then extracts 
model input data from map layers and associated relational databases for each sub-basin. 
The output interface allows the user to display output maps and graphs of output data by 
selecting a sub-basin from a GIS map. AVSWAT is organized into several linked tools 
grouped into eight components: (1) Watershed Delineation; (2) Landuse and Soil 
Definition; (3) Editing of the Model Databases; (4) Definition of the Weather Stations; 
(5) Input Parameterization and Editing; (6) Model Execution; (7) Read and Map-Chart 
Results and (8) Calibration Tool (Di Luzio et al., 2002).
3.5 Data Acquisition
The SWAT requires comprehensive data on topography, soils, weather, 
vegetation, and land management practices within a watershed. GIS data include 
watershed map, Digital Elevation Model (DEM), landuse, soils, and weather station 
layers. The necessary GIS data layers of the Canard River watershed were obtained from 
Essex Region Conservation Authority (ERCA).
3.5.1 Digital elevation model (DEM)
DEM, a GIS data layer, is required in SWAT to divide a watershed into several 
hydrologically connected subwatersheds and locating the stream network. For the Canard 
River watershed modelling, 10 meter resolution DEM was obtained from ERCA. The
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DEM was developed in UTM 83 projection with zone 17. It appears from the DEM 
(Figure 3.2) that elevation of the watershed ranges from 175.0 m to 197.1 m and the 
overall land slope of the watershed is towards northwest direction. In general, the 
watershed is characterized by mild land slopes like most of the areas in Essex Region. 
However, the figure shows that the northeast part has relatively steeper land slope 
compared to other areas of the watershed.
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Figure 3.2: DEM of the Canard River watershed
3.5.2 Weather data
The weather variables necessary for running SWAT are daily precipitation, 
maximum and minimum air temperature, solar radiation, wind speed, and relative 
humidity. The model uses daily weather data as direct input from files if the data are 
available. Otherwise, the weather generator of SWAT can simulate the variables using 
monthly weather statistics obtained from the records of a number of years.
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In this study, three weather stations around the Canard River watershed, viz., 
Windsor Airport, Harrow and Amherstburg (Figure 3.3) were selected for weather data. 
Daily precipitation, maximum and minimum temperature data for the period 1991-2005 
were obtained from Environment Canada’s website. Wind speed and relative humidity 
data are not available for Amherstburg station, and Harrow station has the data only for 
few years. So, available hourly wind speed and humidity data of Windsor Airport station 
were downloaded from the website and the daily average values were calculated from the 
hourly data. Daily solar radiation data were simulated by the weather generator of SWAT 
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Figure 3.3: Selected weather stations around the Canard River watershed
Monthly precipitation, maximum and minimum temperature, and wind speed data 
of Climate Normals (1971-2000) of Windsor Airport and Harrow stations were obtained 
from Environment Canada’s website. These data were used as inputs of weather
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generating parameters of the SWAT. Monthly solar radiation and dew point temperature 
data were taken from Ecodistrict climate normals (1961-1990) dataset. Ecodistrict is a 
national ecological framework and characterized by relatively homogeneous biophysical 
and climatic conditions (Marshall and Schut, 1999). Since the Canard River watershed is 
within ecodistrict nos. 570 and 572, monthly solar radiation and dew point temperature 
data for these two ecodistricts were obtained from the website of Agriculture and Agri- 
Food Canada (1997).
Other required parameters for weather generation, such as standard deviation of 
precipitation and temperature, and probability of dry days and wet days were calculated 
from the corresponding 30 yr (1971-2000) daily data of Windsor Airport and Harrow 
stations. In analyzing daily precipitation data, ‘trace’ amount of precipitation was ignored 
as it is not accounted in computing monthly precipitation and number of wet days by the 
Environment Canada. Maximum 0.5 hr rainfall for each month was calculated from 
corresponding monthly total precipitation using the precipitation fractions table provided 
by McKague et al. (2003). Monthly weather data and the required statistical parameters 
for Windsor Airport and Harrow stations are provided in Appendix Table A.l to A.4.
3.5.3 Soil data
The soils data used by SWAT are divided into two groups, namely, physical 
characteristics and chemical characteristics. The physical properties of the soils govern 
the movement of water and air through the soil profile and have a major impact on 
determining hydrological processes within a watershed. Inputs for chemical 
characteristics are used to set initial levels for different nutrients in the soil. In SWAT,
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input data for the physical properties are required while the data on chemical properties 
are optional. The model requires data for all layers within a soil profile. For this study, 
some of the required information on different soil types (Figure 3.4 and Appendix Table 
A.5) within the Canard River watershed was taken from the Essex County Soil report 
(Richards et al., 1949). The soil report presented the soil profile characteristics for 
different soil series.
4 Kilometers
Figure 3.4: Soil map of the Canard River watershed
A soil series is a group of soils formed from similar parent materials and having 
similar profiles but varying within a narrow range of texture, particularly in the surface 
soil. The soils within a soil series are further divided into soil types on the basis of 
texture. The soil map shows that a large area is under Brookston series, which includes 
Brookston clay (Be) and Brookston clay loam (Bel) type soils, and occupying 61% and 
11% area of the watershed, respectively. Depth of different soil layers, and the soil 
texture, organic carbon content, soil color and stoniness of each layer for different soil
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series within the watershed were compiled from the soil report. Hydrological soil group 
for different soil types were taken from the GIS soil data obtained from ERCA.
SWAT uses percent sand, silt and clay contents in each soil layer for a particular 
soil type. Richards et al. (1949) presented the physical composition of a number of 
surface soil samples from the major soil types in Essex County. Average percentages of 
sand, silt and clay for the surface soil of different soil type within the Canard River 
watershed were taken from the report. Since quantitative data for subsurface and subsoil 
layers are not available, the same percentage of sand, silt and clay were used for these 
layers if the texture is same as surface soil. In case of different soil textures, the average 
percentages of sand, silt and clay were determined based on the textural class provided by 
Richards et al. (1949). Average values of organic carbon content for surface soil of 
different soil types were also taken from the report. As the organic carbon mainly 
accumulates in surface soil (Jobba'gy and Jackson, 2000), reduced values of organic 
carbon contents were assumed for the subsurface and subsoil considering a decreasing 
pattern in the soil profile. Rock fragment content in soil layers were assumed based on 
qualitative information provided in the soil report and a classification given in National 
Soil Database (NSDB) of Canada.
Some of the required soil property data are not available, including bulk density, 
available water content and saturated hydraulic conductivity. These data were calculated 
based on corresponding soil texture (percent sand, silt and sand content), and organic 
matter content using the Soil Water Characteristic - Hydraulic Properties Calculator 
developed by Saxton (2006). Soil compaction has influence on the above soil properties,
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however, normal compaction of soil was assumed for calculations. Soil albedo data were 
approximated using soil color of different soil types as suggested by Singh (1999). Based 
on soil textural class and organic matter content, K factor values for the USLE were 
obtained from the report by Stone and Hilbom (2000), available at the OMAFRA’s 
website site. Soil input data for major types of soils, namely, Brookston clay, Brookston 
clay loam and Toledo clay soil are given in Appendix Table A.6, A.7 and A.8, 
respectively.
3.5.4 Crop and management data
Main landuse of the Canard River watershed is agriculture (Figure 3.5), which 
includes about 30000 ha of land that is around 85% area of the watershed. So, cropping 
practices and land management play an important role in hydrological process as well as 
determining the water quality within the watershed. The model requires data for planting,
(Kv-! Settlem ent 
H || W etland 
H U  W oodland 
BBM Agricultural land
4 Kilometers
Figure 3.5: Landuse map of the Canard River watershed
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harvest, irrigation application, nutrient application, pesticide application, and tillage 
operations. The necessary data were collected from local agricultural agencies and 
Ontario Ministry of Agriculture, Food and Rural Affairs’ (OMAFRA) website site.
Generally, in the study area, single crop is grown within a year. Crop rotations, 
such as com or wheat following soybeans, and com following wheat are common 
practice in the study area. Statistics on the areas of major crops in the Essex County is 
shown in Appendix Table A.9. Among the field crops, soybeans occupy the larger area of 
the Essex County. Wheat and soybeans are mostly grown with no till while com is 
cultivated with conventional tillage. Winter wheat is planted between mid-September and 
mid-October, and harvested in late July. Soybeans and com are planted during mid-May 
to early-June, and early to mid-May respectively; and the crops are harvested in October 
and October-November, respectively. Amount of fertilizer application varies widely, 
mainly with the soil fertility, the crop grown, and the expected crop yield. In this region, 
usually less or no fertilizer is applied in soybeans fields while wheat and com are grown 
with fertilization. However, average rates of fertilizers (Appendix Table A. 10) were used 
as model inputs (OMAFRA, 2002).
Irrigation practice is rare for the field crops within the watershed. Artificial 
subsurface drainage is provided in a large area of the Canard River watershed to maintain 
the productivity of poorly drained soils. The SWAT has a provision to simulate 
subsurface flow from tile drainage system. Tile drainage occurs when the soil water 
content exceeds field capacity in the soil layer where the tile drains are installed. To 
simulate tile drainage, the necessary parameters are: the depth from the soil surface to the
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drain, the amount of time required to drain the soil to field capacity, and the amount of 
lag between the times of water enters the tile until it exits the tile and enters the main 
channel. Spatial layer for tile drainage area and the required information were obtained 
from ERCA.
3.5.5 River flow and water quality data
Observed time series streamflow data are required to calibrate and test the model. 
There is a gaging station at Canard River near Lukerville within the watershed. Daily 
river flow data of this gaging station were downloaded from Environment Canada’s 
website for calibrating and testing the model. Monthly average streamflow data from the 
year 1993 to 1997 and 2001 to 2005 are given in Appendix Table A. 11. Available 
instantaneous sediment data for the Canard River near Lukerville station (Appendix 
Table A. 12) were also obtained from the website.
3.6 Data Preparation
The obtained GIS layers of landuse of the Canard River watershed include urban 
area, woodland and wetland. These layers were integrated into one theme by joining the 
shape files of the watershed and different landuse layers. The areas other than urban area, 
woodland and wetland within the watershed were considered as agricultural land. Due to 
unavailability of detailed landuse, the agricultural land was split into about 900 parts of 
land with different sizes. The major crops, soybeans, wheat and com were distributed 
over different parts of the land so that the area covered by each crop represents the 
statistics of the Essex County crop coverage (Appendix Table A.9). After that the
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landuse, and soil shape themes were converted into grid files that are required to compute 
cross-tabulated areas between landuse and soil data sets.
SWAT organizes its input in a series of files, which contain the required 
information for the three parameterization levels of basin, sub-basin and HRU. A 
summary table of the SWAT input files (Neitsch et al., 2002a) is provided in Appendix 
Table A. 13. In the table, the daily weather variables files are shown as optional 
requirements because if the data are not available, the SWAT can generate necessary 
daily weather variables from the provided monthly statistical weather data. However, for 
this study area, available daily precipitation, maximum and minimum temperatures data, 
and hourly wind speed and humidity data were compiled in Excel spreadsheets. Either 
DBF or ASCII text file of daily weather data can be used in the SWAT (Di Luzio et al., 
2002). In this modelling study, DBF files of each weather variable for a particular 
weather station were created according to the required data fields and format for the 
SWAT. Location tables (DBF files) for each weather variable were also created to 
specify the location of selected weather stations. Calculated Easting and Northing values 
from the latitude and longitude coordinates of the weather stations were used in the 
location tables in order to spatially link the corresponding weather data.
3.7 Watershed Delineation
Watershed delineation interface of the model (AVSWAT 2000) allows the user to 
delineate subwatersheds based on an automatic procedure using DEM grid data. The user 
can limit the size and number of subwatersheds created by selecting a threshold area that 
defines the minimum size of the generated sub watersheds. The user also has the option to
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use a pre-digitized stream network in locating the streams of the watershed. Watershed 
delineation process generates a number of subwatersheds, streams and outlets themes 
which are linked with the respective database files required to run the model.
The DEM along with the Canard River watershed boundary and Canard River 
drainage network themes were utilized for watershed delineation process. The Canard 
River drainage network theme was superimposed onto the DEM during watershed 
delineation process to define the location of the stream network. Different threshold areas 
such as 100, 500, 1000 and 2000 ha were chosen to find a reasonable number of 
subwatersheds, which resulted in 191, 32, 19 and 9 numbers of subwatersheds, 
respectively.
4 K ilom eters
Figure 3.6: Delineated sub watersheds of the Canard River watershed
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It seemed that 32 numbers of subwatersheds (Figure 3.6) are reasonable for 
Canard River watershed modelling. In order to compare the observed flow with the 
corresponding simulated flow by the model, an outlet was added at the location of Canard 
River gaging station. The DEM processing option that allows the cells on the edge of 
focused area to flow toward the inner cells was chosen to include the entire watershed as 
defined by the Canard River boundary theme. Nevertheless, an area of about 7% was 
excluded from the supplied watershed boundary after the watershed was delineated by 
SWAT because the flow directions and boundaries of subwatersheds are automatically 
created by comparing elevation of each of the grid cells with the elevations of the 
neighboring cells. The distribution of areas for different subwatersheds are presented in 
the Appendix Table A.M.
3.8 Model Simulation
This section includes subsections of model setup, sensitivity analysis, model 
calibration and testing procedures, and application of the developed model to attain 
objectives of the study.
3.8.1 Model setup
The AVSWAT 2000 interface was used for hydrologic modelling of the Canard 
River watershed. The necessary spatial data layers and database were prepared for 
running the interface as described in Section 3.6. DEM was used to divide the watershed 
into 32 hydrologically connected subwatersheds. Soil data for different types of soil were 
included in the ‘User Soils’ database. Statistical weather data for Windsor Airport and
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Harrow stations were incorporated in the ‘User Weather Station’ database as well for 
weather simulation.
Landuse, soil and weather definition interfaces were implemented by using the 
corresponding spatial grid data layers, data files and connected lookup tables. Based on 
unique landuse, soil attributes the subwatersheds were divided into 170 Hydrologic 
Response Units (HRU) (Appendix Table A. 14) to account for diversity within each of the 
sub watersheds. In defining HRUs 10% threshold value of landuse and soil area was 
considered to ignore minor landuses and soil types in each subwateshed. SWAT has 
default databases for plant growth and urban landuses, tillage, fertilizer components, and 
pesticide properties. Appropriate parameters were selected from the databases based on 
the information obtained on landuses, crops grown, and types of tillage operation and 
fertilizer application. Tile drainage parameters were incorporated in the areas where tile 
drains exist according to the spatial layer of tile drainage coverage.
The heat unit scheduling option was selected for model simulations as it allows 
the model to adjust the timing of operation to the variable weather conditions for each 
year (Neitsch et al., 2002b). Potential heat units required for each of the crops grown 
were computed using the potential heat unit program and included in the crop 
management file. Other key options that were selected for model simulations include the 
Curve Number (CN) method for generating surface runoff from precipitation, the 
Penman-Monteith method for computing potential evapotranspiration, and the 
Muskingum method to simulate channel routing. The model simulation time was set from 
1991 to 1997 for model calibration, and from 1999 to 2005 for testing the model. In both 
cases, the first two years were considered as a model initialization period to stabilize the
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model, and the results from these years were ignored in assessing the model performance 
and conducting the analysis of model predictions.
3.8.2 Sensitivity analysis
A complex watershed model includes many parameters that represent hydrologic 
and water quality processes in the watersheds. Sensitivity analysis evaluates how 
different input parameters affect a predicted output of the model. Sensitivity is measured 
as the response of a model output to a corresponding change in an input parameter. 
Model predictions can be more sensitive to perturbation of some input parameters than 
the others. In this study, sensitivity analysis of SWAT parameters was performed in order 
to avoid the cumbersome process of adjusting a large number of model parameters. Thus, 
the main purpose of sensitivity analysis was to identify the most sensitive parameters to 
facilitate calibration process of the model.
Parameters for sensitivity analysis were selected from reviewing relevant 
literature and SWAT documentation. Sensitivity analysis was conducted by using a 
dimensionless index, /, which was calculated as the ratio between the relative change of 
model output and the relative change of a parameter (Lenhart et al., 2002). 
Mathematically, sensitivity index I  is expressed as
/  =  (>,2 - y , ) /yo ( 3 1 )
2 A x! x Q
where, yo is the simulated output with an initial value xq of the parameter. A x  is an 
assumed variation of the input parameter within the valid range. The output values y i and 
y 2 correspond to the changed input parameter values o f x j = xq - A x  and X2 = xq + Ax.
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3.8.3 Model calibration and testing
Model calibration is the process of adjusting model parameters for the system 
being modeled until model outputs adequately match the observed data. Most sensitive 
SWAT parameters obtained from sensitivity analysis were chosen to calibrate the model 
for the study area. Daily observed streamflow data for a 5 years period from 1993 to 1997, 
recorded at Canard River near Lukerville within the watershed was used for model 
calibration. Since the gaging station located inside the watershed, the drainage area for 
the gaging station is smaller than the watershed, which is shown in Figure 3.7. While 
setting the model, SWAT assigned precipitation data from Harrow whether station for a 
larger part, covering 57% of the drainage area, and that of from Windsor Airport and 
Amherstburg stations for 22 and 21% of the area, respectively.
( x )  G aging Station 
1 D rainage A rea
4 Kilometer
Figure 3.7: Drainage area of the stream gaging station
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During the iterative process of calibration, each of the selected SWAT input 
parameters was varied within an appropriate range following a trial and error procedure 
to obtain a good match between the simulated and observed steamflow. Subjective and/or 
objective assessments are necessary to evaluate the closeness of the simulated behavior of 
the model to observations made within the watershed. Visual inspection of the simulated 
and observed hydrographs is the most fundamental approach of the subjective 
assessment. On the other hand, objective assessment is performed using objective or 
efficiency criteria, which are defined as mathematical measures of how well a model 
prediction fits the available observations.
In hydrologic modelling, commonly used efficiency criteria are coefficient of 
determination, Nash-Sutcliffe efficiency, and index of agreement (Krause et al., 2005). 
Therefore, both subjective and objective evaluations were performed to calibrate the 
model based on monthly streamflow. The efficiency criteria that were used for evaluating 
the model performance during calibration and testing period are described below:
i. Coefficient of determination
The coefficient of determination, r2 is defined as the squared value of the 
coefficient of correlation, which is calculated as:
where, O, is the observed value and P, is the predicted value. O  and P  are the average of
2
observed and predicted values, respectively. The value of r  ranges between 0 and 1,
r 2 (3.2)
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which describes how much of the observed dispersion is explained by the prediction. A 
zero (0) value indicates no correlation, and a value of 1 represents a perfect model.
ii. Nash-Sutcliffe efficiency
The Nash-Sutcliffe efficiency, E  is defined as one minus the sum of the absolute 
squared differences between the predicted and observed values normalized by the 
variance of the observed values. It is calculated as:
£ ( o , - p > ) 2
E  = l — &-------------  (3.3)n__________ v '
£ ( 0 , - 0 f
;=i
where, <3, and P, are the observed and predicted value, respectively. O  is the average of 
observed values. The value of E  ranges from - oo to 1 (perfect model).
iii. Index of agreement
The index of agreement, d  represents the ratio of the mean square error and the 
potential error, which is expressed as:
=  =01 (3-4)
where, O, is the observed value and P, is the predicted value. O  is the average of 
observed data. The value of d  varies from 0 (poor model) to 1 (perfect model).
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The credibility of a model’s capability is evaluated by investigating whether the 
model predictions are adequate against independent data set. So, the calibrated model was 
tested using observed streamflow data for another five years period from 2001 to 2005, 
without further adjustment of model parameters. The same model efficiency criteria were 
also used to evaluate the model performance during testing period.
3.8.4 Model application
After successful calibration and testing, SWAT was applied in conducting water 
budget analysis as well as predicting sediment and nutrient yields from the Canard River 
watershed for the period from 2001 to 2005. Various hydrologic components, sediment 
and nutrient loadings simulated by the model for the watershed, different subwatersheds 
and stream locations were analyzed. The results are presented in Chapter IV in terms of 
maps showing significant contributing areas, charts and tables.
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The outputs of a distributed watershed model such as, SWAT depend on many 
input parameters that are related to various watershed characteristics, such as, weather, 
soils, landuse and management, stream channels and aquifer. SWAT assigns default 
values for some of the parameters during the model set up. Nevertheless, sensitivity 
analysis was conducted for this study in order to explore most sensitive SWAT 
parameters to facilitate the model calibration procedure. Sixteen parameters, primarily 
associated with the streamflow prediction, were selected based on the available literature 
for sensitivity analysis, and are listed in Table 4.1.
Sensitivity of each of the chosen parameters was approximated using a sensitivity 
index as described in Section 3.8.2 of Chapter III. In the process of sensitivity analysis, a 
particular parameter was changed by ± 10 percent of the initial parameter value while 
keeping the other parameter unchanged, and the sensitivity of the parameter was 
evaluated on the basis of its response on the streamflow prediction. Results of the 
sensitivity analysis are provided in Table 4.1. It is seen in the table that curve number 
(CN2), plant uptake compensation factor (EPCO), and soil evaporation compensation 
factor (ESCO) were found as most sensitive SWAT parameters for streamflow in this 
study. Parameters like soil available moisture capacity (SOL_AWC) showed higher 
sensitivity as well. Neitsch et al. (2002a) also suggested for adjusting these sensitive 
parameters while calibrating a SWAT model for streamflow.
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Table 4.1: Sensitivity of selected SWAT parameters for streamflow
Parameter Description Sensitivity
a lph a_bf Baseflow alpha factor. Low
BIOMX Biological mixing efficiency. Low
CH_K2 Effective hydraulic conductivity in main channel alluvium. Low
CN2 SCS runoff curve number for moisture condition II. High
EPCO Plant uptake compensation factor. High
ESCO Soil evaporation compensation factor High
GW_DELAY Groundwater delay time. Low
GWQMN Threshold water depth in shallow aquifer for return flow to occur. Low
GW_REVAP Groundwater "revap" coefficient. Low
REVAPMN Threshold depth of water in shallow aquifer for "revap" to occur. Low
SLOPE Average slope steepness. Low
SLSUBBSN Average slope length. Low
SMFMN Maximum melt rate for snow. Low
SMFMX Minimum melt rate for snow. Low
SOL_AWC Available water capacity of the soil layer. High
SURLAG Surface runoff lagtime. Low
A number of model runs were also performed for some of the highly sensitive 
parameters as summarized in Table 4.1. In the simulation runs, each input parameter 
value was varied within the allowable range while keeping all other input values as 
unaltered. The sensitivity of these parameters is presented graphically for a better
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perception. Figure 4.1 shows sensitivity of streamflow to curve number, the key 
parameter responsible for partitioning precipitation into surface runoff and infiltration 
based on soil hydrologic group, landuse, and antecedent moisture condition. The figure 
shows that an increase in curve numbers by four resulted in an increase of about 8% in 
streamflow while decreasing the curve numbers by four caused a reduction of about 6% 
in streamflow. Normalized streamflow in Figure 4.1 refers to the ratio between the annual 
mean streamflow obtained by changing the curve numbers and the streamflow obtained 
using the initial values of the curve numbers. The figure also depicts that a power 







+ 6  + 4  +2  0 - 2 - 4  -6
Curve number
Figure 4.1: Sensitivity of streamflow to curve number
Available water capacity of soil layer was also found to be highly sensitive soil 
parameter that plays an important role in runoff generation and groundwater recharge, 
and eventually, affect the streamflow rates. A linear relationship was found between the 
changes in available water capacity and the model predicted streamflow (Figure 4.2). It is 
evident from the figure that the predicted streamflow decreases with the increase of the
y =  1 .1 7 5 5 x  
R2 = 0 .9 9 6 3
1 .0 5  --
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available water capacity of soil layer. Sensitivity of streamflow to soil evaporation 
compensation factor is illustrated in Figure 4.3. About 10% reduction in the simulated 
streamflow was found as the value of soil evaporation compensation factor was changed 
from the default value of 0.95 to a value at 0.90. Also, a power relationship was observed 
between the changes in the soil evaporation compensation factor and streamflow.
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£o
y = -0.022X + 1.085 
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Figure 4.2: Sensitivity of streamflow to soil available water capacity
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Figure 4.3: Sensitivity of streamflow to soil evaporation compensation factor
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4.2 Model Calibration
SWAT was calibrated using observed streamflow data recorded at Lukerville 
gaging station within the Canard River watershed. It is the only gaging station for this 
watershed that covers about 55% drainage area from the central and southeast part of the 
watershed. Five-year data for the period, 1993-1997 were chosen for SWAT model 
calibration considering the completeness of streamflow data, and weather data, 
particularly precipitation and temperature data for the selected three weather stations. 
Model calibration was conducted manually by trial and error method to obtain a best 
possible match between the observed and simulated streamflows.
The most sensitive SWAT parameters to hydrologic processes found from the 
sensitivity analysis were used for model calibration. Groundwater baseflow parameter, 
ALPHA_BF, was obtained from the baseflow analysis, and this value was used with 
minor adjustments. Initially, the values of curve number for operation (CNOP) were 
reduced by 4 within the crop growing periods through a number of trials. Then, SCS 
curve numbers for moisture condition II (CN2), for different landuse were adjusted, and 
the final values were set by reducing the values by 2. The available water capacity of soil 
(SOL_AWC) was increased by 5.0 mm/m for further tuning of the model. Although, the 
streamflow predictions of the model were found highly sensitive to soil evaporation 
compensation factor (ESCO), and plant evaporation compensation factor (EPCO), model 
performance was not found to be improved when the values for these parameters were 
changed. So, their values were kept unchanged. Results of the model calibration are 
provided in the following subsections.
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4.2.1 Annual calibration
Annual calibration of the SWAT model was performed by minimizing the relative 
error between observed and simulated annual mean streamflow. Figure 4.4 shows the 
plots of observed versus simulated annual mean flows at the Canard River gaging station, 
and corresponding weighted average annual precipitation for the drainage area. The 
figure depicts that the simulated annual average flows match well with the corresponding 
observed flows, and the relative errors (Table 4.2) are within the reasonable limit except 
for the year 1994. Annual precipitation of 814 mm during 1994 reveals that it was an 
average year (Table 4.2), in which simulated flow was found as 1.59 m3/s that 
corresponds with the simulated average streamflow for the entire calibration period. 
Although distribution of annual precipitation is an important factor for the streamflow 
generation, observed flow in 1994 was substantially lower in comparison to the other 
years. The observed streamflow data records for 1994 show that about 75% of the daily 
flow records during mid-May to mid-November were the estimated values, which might 
be one of the causes for lower annual average of observed flow in 1994.


























Figure 4.4: Annual observed and simulated streamflow for the calibration period
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Table 4.2: Annual calibration results for the period 1993-1997
Year Precipitation(mm)
Streamflow (m3/s) Relative error
(%)Observed Simulated
1993 790 1.57 1.77 13
1994 814 1.12 1.59 42
1995 835 1.33 1.43 8
1996 799 1.71 1.54 -10
1997 850 1.82 1.64 -10
Average 817 1.51 1.59 5
4.2.2 Monthly calibration
Calibration of the model for monthly streamflow prediction was conducted using 
time series plots for qualitative evaluation, and three model efficiency criteria were used 
for quantitative evaluation of the model performance. Figure 4.5 shows the plots of 
observed versus simulated monthly flow along with corresponding monthly total 
precipitation during calibration period. It is noticed from the figure that there is a good 
agreement between observed and simulated flow except for few months. Simulated flows 
were markedly higher for the months of June 1993, August 1994 and October 1995, and 
lower during the months of December 1996 and June 1997, than the corresponding 
observed flow. The figure also shows that even though SWAT predicted higher flow for 
some months, the events correspond to high precipitation. For example precipitation 
during June 1993 and August 1994 were more than 100 mm, whereas observed 
streamflows were below 1.0 and 0.5 m3/s, respectively.
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Figure 4.5: Monthly observed and simulated streamflow for the calibration period
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Figure 4.6: Scatter plot of observed vs. simulated flow during model calibration
Scatter plot of observed versus simulated flow (Figure 4.6) depicts that the model 
over predicted during low flow conditions (less than 2 m3/s) and under predicted for the
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high flow condition (greater than 2 m3/s), in general. However, the coefficient of 
determination, Nash efficiency and index of agreement of the model were found as 0.79, 
0.79 and 0.93 respectively that reveal a good performance of the model. Since the model 
performance during calibration largely depends on the quality the observation data, the 
calibration results might be further better if there were not many estimated values in the 
observed streamflow records.
4.3 Model Testing
In order to investigate the reliability of the hydrologic simulation results from the 
calibrated SWAT model for the Canard River watershed, the model performance was 
further tested using different data set without changing model parameters. Observed 
streamflow data for the five-year period, 2001 to 2005 were used for testing the model. 
The selected testing period is not a continuous one with the calibration period because 
precipitation data for Harrow weather station, which represents major part of the drainage 
area, are not available for the months, February 1999, December 1999 and January 2000. 
The model performance during the testing period was evaluated considering the same 
evaluation criteria as for the calibration period, and the results are presented in the 
subsequent subsections.
4.3.1 Annual testing
Observed versus model predicted annual mean streamflows for the testing period 
are shown in Figure 4.7. A close match between the observed and simulated flows was 
obtained during model testing and the relative errors are within 10% except for the year 
2003. The annual precipitation of 917 mm for 2003 indicates that the year was a wet one,
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
a
and the model predicted a higher flow than the observed flow of 1.13 m /s (Table 4.3), 
which was also the lowest mean annual flow during the testing period indicating a dry 
year in terms of flow. Thus the observed flow for the year 2003 contradicts with the 
recorded precipitation, and this may be the case that, sometimes precipitation recorded at 
weather stations do not properly represent the local variations in precipitation over a 
watershed.
5.0
42 4.0 - 
"E
g ” 3.0 - 
O



























Figure 4.7: Annual observed and simulated streamflow for the testing period 
Table 4.3: Annual testing results for the period 2001-2005
Year Precipitation(mm)
Streamflow (m3/s) Relative error
(%)Observed Simulated
2001 781 1.78 1.60 -10
2002 734 1.42 1.37 -4
2003 917 1.13 1.59 41
2004 926 1.95 1.81 -7
2005 737 1.64 1.48 -10
Average 819 1.59 1.57 -1
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4.3.2 Monthly testing
A plot for observed versus simulated monthly mean flows and corresponding 
monthly total precipitation for the testing period is presented in Figure 4.8. It appears 
from the figure that model predicted flows are matching adequately with the observed 
flows except in few cases. SWAT under predicted the flows for the months of February 
2001, April 2002 and May 2004 while over predicted for the months of December 2002, 
January 2003 and February 2003, which are likely to be random occurrences. Therefore, 
no seasonal trend was observed for flows predicted by the model.
P recip itation   O bserved  flow - ^ —S im u la ted  flow
Month
Figure 4.8: Monthly observed and simulated streamflow for the testing period
Scatter plot of observed versus simulated flow (Figure 4.9) shows small 
deviations for most of the data points from the 1:1, perfect fit line, indicating a good 
performance of the model. Coefficient of determination, Nash efficiency and index of
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agreement for the testing period were found as 0.89, 0.85 and 0.95, respectively (Table 
4.4), which confirms the satisfactory performance of the model.
0.0 -F--------------1---------------- 1----------------1----------------
0.0 2.5 5.0 7.5 10.0
Observed flow (m3/s)
Figure 4.9: Scatter plot of observed vs. simulated flow during model testing
The table also compares the model performance during calibration and testing 
period, and shows that SWAT performed better during testing period in simulating 
streamflow for the Canard River watershed.
Table 4.4: Model performance during calibration and testing period
Model efficiency criteria Calibration period Testing period (2001-2005)
Coefficient of determination 0.79 0.89
Nash-Sutcliffe efficiency 0.79 0.85
Index of agreement 0.93 0.95
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4.4 Water Budget Analysis
In accordance with the objectives of the study, SWAT was applied for the water 
budget analysis of the Canard River watershed after conducting calibration and testing of 
the model. The model was employed for continuous simulation and the results obtained 
from different output files were compiled and analyzed for the period of 2001 to 2005. 
Water budget results are presented on annual, seasonal and monthly basis in the 
succeeding subsections.
4.4.1 Annual results
Average annual water budget components for the five-year period of 2001 to 2005 
are shown in Figure 4.10 in terms of percentage of total annual precipitation. The figure 
shows that a major part, about 64 % of the annual precipitation was found to be lost by 
the evapotranspiration (ET). The rest 36% of the precipitation contributed to the 
streamflow, which included surface runoff, tile drainage flow, and groundwater or base 





□  Tile drainage flow
■ Groundwater flow
Figure 4.10: Average annual water budget
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Figure 4.11 depicts average annual precipitation for the watershed within the 
period 2001 to 2005. The average annual precipitations for the five-year period recorded 
at Harrow, Windsor Airport and Amherstburg weather station selected for the simulation, 
were 781, 847 and 893 mm, respectively. SWAT assigned precipitation data from 
Windsor Airport station for 11 sub watersheds located in the northeastern part of the 
watershed covering about 33% area of the watershed. Precipitation data from Harrow 
station were assigned to the 8 subwatersheds in the southeastern section that covered 
around 31% area of the watershed while the rest 36% watershed area of 13 subwatersheds 
was allocated with the precipitation data from Amherstburg station. However, in reality, 
there might be local variations in precipitation over the subwatersheds, and hence, model 
could predict water yields for streamflow up to a certain level of accuracy.
Precipitation (mm)
4 Kilometers /
Figure 4.11: Average annual precipitation for 2001-2005 period
Variations in average annual evapotranspiration and water yield from the 
watershed are shown in Figure 4.12 and 4.13, respectively. Higher ET was found in some 
subwatersheds located in the eastern and central part of the watershed (Figure 4.12). It is
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Figure 4.12: Average annual evapotranspiration for 2001-2005 period
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Figure 4.13: Average annual water yield for 2001-2005 period
revealed from Figure 4.13 that the western part of watershed yielded more water for 
streamflow while the eastern part yielded less water, which are seemed to be consistent 
with the variations in precipitation (Figure 4.11).
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Results of annual water budget for different years, 2001 to 2005 are presented in 
Figure 4.14 and Table 4.5. It was found that the weighted average annual precipitation for 
the entire watershed varied from 756 to 971 mm during the five-year period. It can be 
mentioned that annual precipitation of different years provided in the Section 4.3.1 
differed with the annual precipitation amounts provided in this section because drainage 
area considered for model calibration and testing was a part of the watershed. Thus, 
precipitation from three weather stations contributed differently to compute area- 
weighted average precipitation for the two cases.
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Figure 4.14: Annual water budget for different years
Figure 4.14 shows that annual evapotranspiration (ET) varied slightly over the 
five-year period, and the average ET value was about 540 mm (Table 4.5). Total water 
yield (WYLD) varied substantially with the annual variation of precipitation from year to 
year. Surface runoff (SURQ) was the main contributor to the water yield while 
contribution from groundwater flow (GWQ) was less than 10% of annual streamflow. 
Tile drainage flow (TILQ) also found to be varying within the five-year period.
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2001 815 527 (65) 327 (40) 229 (70) 87 (27) 11 (3)
2002 773 554 (72) 293 (38) 244 (84) 26 (9) 22 (7)
2003 901 538(60) 296 (33) 219 (74) 70 (24) 7(2)
2004 971 559 (58) 372 (38) 252 (68) 84 (23) 36(10)
2005 756 529 (70) 299 (40) 277 (93) 9(3) 13(4)
Average 843 541 (64) 317 (37) 244 (77) 55(17) 18(6)
Table 4.5 presents the quantities of annual water budget components along with 
the relevant percent figures in the parentheses. The estimated ET for the study area 
ranged from 58 to 72% of the precipitation. Due to small annual deviation of ET, this 
percentage inversely varied with the amount of annual precipitation in different years. 
The simulated annual streamflow volume ranged from 293 to 372 mm with an average 
value of 317 mm. With respect to the annual precipitation, streamflow variations 
observed between 33 and 40% of the precipitation. The analysis indicated that the 
average contribution of surface runoff, tile drainage and groundwater to the annual 
streamflow volume were 77%, 17% and 6% respectively. Moreover, each of the 
streamflow components was observed to be varying significantly within the five-year 
period (Table 4.5). However, tile drainage flow component varied widely, and its 
contribution was found even less than 10% of the total streamflow volume during the dry 
years, 2002 and 2005 based on annual precipitation.
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4.4.2 Seasonal results
Results of seasonal water budget analysis are given in Table 4.6. Quantities of the 
major elements of water budget, i.e., precipitation, evapotranspiration and total 
streamflow volume for the watershed are presented along with percentage distribution in 
the parenthesis (Table 4.6). It appears from the table that more than 50% of the annual 
evapotranspiration loss could be occurred during summer, and the amount ranged from 
279 to 327 mm. Winter ET was found to be around 15% of the annual ET, and the value 
ranging between 61 and 91 mm.
The table also indicates that the seasonal distribution of precipitation widely 
differed from year to year, which in turn affected the streamflow distribution pattern. 
However, streamflow volume during winter season was found to be larger as a result of 
snowmelts, and it varied from 43 to 75% of the annual streamflow volume. Winter 
streamflow amount ranged between 143 and 226 mm. A wide variation of spring, 
summer and fall streamflow also observed within the five-year period. Streamflow 
volume of fall, 2001 and spring, 2002, however, were found exceptionally higher than the 
other years, mainly due to higher precipitation.
Table 4.7 provides the seasonal water budget for different years that includes 
streamflow components, i.e., surface runoff, tile drainage and groundwater flow volumes 
as well as the seasonal average values of the water budget elements for the watershed. 
The average value of winter, spring, summer and fall evapotranspiration (ET) were 
obtained as 77, 109, 302 and 54 mm, respectively. It is seen in the table that winter ET 
could be as low as 20 % of the winter precipitation whereas summer ET could be as high 
as 167% of summer precipitation.
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[mm ( % ) ]
Streamflow
[mm (%)]
2001 Winter 178 (22) 78(15) 168 (51)
Spring 147 (18) 110(21) 31(9)
Summer 252 (31) 279 (53) 27 (8)
Fall 238 (29) 61 (12) 101 (31)
Annual 815 527 327
2002 Winter 249 (32) 91 (16) 161 (55)
Spring 229 (30) 103(19) 105 (36)
Summer 179 (23) 299(54) 20 (7)
Fall 116(15) 61(11) 7(2)
Annual 773 554 293
2003 Winter 229 (25) 78(15) 143 (48)
Spring 206 (23) 116(21) 56 (19)
Summer 322 (36) 295 (55) 51(17)
Fall 143 (16) 49 (9) 46(16)
Annual 901 538 296
2004 Winter 250 (26) 79 (14) 159 (43)
Spring 210 (22) 109(19) 75 (20)
Summer 352 (36) 327 (59) 95 (25)
Fall 159(16) 44(8) 44(12)
Annual 971 559 372
2005 Winter 299 (40) 61 (12) 226 (75)
Spring 118 (16) 107 (20) 35 (12)
Summer 232(31) 308 (58) 15(5)
Fall 107 (14) 53 (10) 23 (8)
Annual 756 529 299
Note: Winter, Spring, Summer and Fall months are December to March, April to May, June to 
September and October to November, respectively.
Numbers in the parenthesis indicate percentage distribution of the respective component.
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2001 178 78 (44) 168 (94) 149 (89) 15(9) 4(2)
2002 249 91 (36) 161 (65) 151 (94) 2 (1) 8(5)
2003 229 78 (34) 143 (62) 139 (98) 0 (0) 3(2)
2004 250 79 (32) 159 (64) 131 (82) 19(12) 9(6)
2005 299 61(20) 226(76) 218 (97) 0 (0) 8(3)
Average 241 77 (32) 171 (71) 158 (92) 7(4) 6(4)
Spring
2001 147 110(75) 31 (21) 18 (59) 12 (38) 1 (2)
2002 229 103 (45) 105 (46) 77 (74) 22 (21) 6 (6)
2003 206 116(56) 56 (27) 30 (54) 25 (45) 0 (1)
2004 210 109 (52) 75(36) 42 (56) 29 (39) 4(5)
2005 118 107 (90) 35 (30) 25 (72) 7(20) 3(8)
Average 182 109 (60) 60 (33) 39 (64) 19 (31) 3(5)
Summer
2001 252 279(111) 27(11) 15 (57) 8(30) 4(13)
2002 179 299 (167) 20(11) 11(54) 1 (6) 8(40)
2003 322 295 (92) 51 (16) 30 (59) 20 (39) 1(3)
2004 352 327 (93) 95 (27) 60 (63) 14(15) 20 (21)
2005 232 308 (133) 15(6) 13 (86) 0 (1) 2 (12)
Average 267 302 (113) 42 (16) 26 (62) 9(21) 7(17)
Fall
2001 238 61(26) 101(42) 46 (45) 53 (52) 2 (2)
2002 116 61 (53) 7(6) 6 (86) 1 (10) 0(4)
2003 143 49 (34) 46 (32) 19 (41) 25 (53) 3(5)
2004 159 44 (28) 44 (27) 19 (45) 21 (49) 3(6)
2005 107 53 (49) 23 (22) 21(90) 2(9) 0 (0)
Average 153 54 (35) 44(29) 22 (50) 20 (46) 2(4)
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Since evapotranspiration loss during winter season is relatively low, contribution 
of winter precipitation to the streamflow was found to be the highest among the four 
seasons, and the average streamflow was obtained as 71% of the winter precipitation 
(Table 4.7). It is also evident from the table that surface runoff contributed 92% of the 
total streamflow volume during winter season. On the average, higher percentages of the 
tile drainage flow contribution were found during spring and fall seasons, amounting to 
31% and 46% of total streamflow, respectively. In general, the model predicted very 
small amount of groundwater contribution to the streamflow. However, a noticeable 
groundwater contribution of 20 mm to the streamflow volume was found during the 
summer of 2004.
4.4.3 Monthly results
Average of monthly water budget components for the period 2001 to 2005 are 
presented in Table 4.8. It is revealed from the table that monthly precipitation amount 
varied from 54 to 108 mm, the highest average precipitation occurred in May. Maximum 
average ET loss of 122 mm was found in July while lower average ET loss ranging 
between 12 and 18 mm were found for the winter months of December to February. A 
higher average of surface runoff volume of 50 mm was found in February. The lower 
averages of surface runoff, below 10 mm resulted in lower steamflow during the months, 
June to October.
Figure 4.15 depicts the major components of water budgets for different months 
over the period 2001 to 2005. Monthly precipitation is shown with line, and the bottom 
and top part of staked columns in the figure presents evapotranspiration and total water
80
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Jan 60.8 22.6 12.6 0.4 32.6 0.5 2.3 35.3
Feb 54.0 31.6 18.3 0.1 50.1 0.3 0.9 51.2
Mar 53.9 60.7 31.4 0.1 38.6 0.9 0.4 39.9
Apr 74.3 103.9 48.2 1.8 19.5 5.2 0.7 25.5
May 107.7 144.8 60.7 4.4 19.0 13.7 2.1 34.8
Jun 56.6 176.3 81.5 2.6 8.7 4.1 3.2 16.0
Jul 69.0 187.3 122.3 0.3 4.8 0.5 1.9 7.1
Aug 74.5 147.3 65.5 0.9 7.9 2.1 1.1 11.2
Sep 67.4 115.4 32.4 0.6 4.4 2.1 0.8 7.2
Oct 67.3 84.9 28.5 0.9 9.5 9.0 0.7 19.2
Nov 85.4 50.0 25.1 1.6 12.8 11.4 0.9 25.1
Dec 72.4 27.7 15.1 4.4 36.6 5.8 2.6 44.9
Annual 843.2 1152.4 541.4 18.0 244.4 55.5 17.6 317.4
yield, respectively. Monthly variation of precipitation indicates that more than 100 mm of 
precipitation occurred during a number of months, randomly within the five-year period. 
The highest monthly precipitation of about 175 mm was found during May, 2004 and the 
lowest value of around 15 mm was observed during October, 2005. It is revealed from 
Figure 4.15 that although a wide fluctuation in monthly evapotranspiration observed with 
in a year, it followed a similar pattern between the years. High ET loss was found to be 
occurring during July, and the highest ET of about 145 mm was predicted for July 2002.
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Figure 4.15: Major components of monthly water budget in different years
A wide variation of monthly water yield was also observed within years and 
between years. However, higher water yields were found during the winter and spring 
months, December to May and lower water yields were observed for the summer months, 
June to September. Figure 4.15 also shows that sum of the amount of evapotranspiration 
and water yield i.e., total height of the column crossed the corresponding precipitation 
data points for some months, particularly in summer months, implying that a substantial 
depletion of soil moisture occurred during those months, which might have caused water 
stress to the crops grown in the watershed.
A detailed monthly water balance starting from January 2001 to December, 2005 
is given in the Appendix Table B.l. The table contains all the components of water 
budget including soil water status during each month. In computing the water balance for
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a particular month, precipitation and positive difference in soil water from the preceding 
month were considered as water gain component, and on the other hand, 
evapotranspiration, surface runoff, percolation and tile flow were treated as water loss 
component. Water yield for a specific month included the amount of surface runoff, 
groundwater and tile flow contribution of the corresponding month. During winter 
months, positive balance indicating the amount of snow accumulation while negative 
balance referring to the amount of snow melts. However, the table indicates that the 
SWAT model simulated water balance satisfactorily for the Canard River watershed.




























Figure 4.16: Monthly streamflow at the outlet of the Canard River watershed
Figure 4.16 shows the model predicted monthly mean streamflows at the outlet of 
the watershed i.e., monthly average discharges to the Detroit River from the Canard River 
watershed. The information is useful because there is no gaging station at the outlet of the
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watershed. The figure indicates that the monthly precipitation during winter and spring 
seasons contributed largely in generating higher flow of the river, in general. Streamflow 
during February 2001 and January 2005, respectively, about 14 and 12 m3/s, were the 
remarkably high flows within the five-year period. The figure also shows that low flows 
occurred usually during the summer months, however, very low flows were observed 
during the months of July and August 2001, August to October 2002, and June, August 
and October 2005.
4.5 Sediment Loads
As sediment pollution is one the main issues for water quality impairment of the 
Canard River watershed, SWAT was applied in predicting sediment loads and identifying 
the potential areas responsible for higher sediment yield of the watershed. It can be 
mentioned that due to unavailability of time series sediment data, the model was not 
calibrated against the observed data. However, during the model calibration, the SWAT 
parameters namely, average slope length (SLSUBBSN) was reduced by 71 m and 
USLE_C factor was increased by 25 % in order to reduce the differences between the 
predicted and few observed daily data of sediment concentration (Appendix Table A. 12), 
which resulted in a slightly higher sediment loads.
Figure 4.17 shows the spatial distribution of the model predicted results of 
average annual sediment yield during the period 2001 to 2005 for the Canard River 
watershed. It is seen in the figure that sediment yield ranged between 1.5 and 3.0 metric 
tons/ha for major part of the watershed. Annual average sediment yield in excess of 3.0 
metric tons/ha were found for the subwatersheds located in the northeastern part of the
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
watershed. Results of annual sediment yields for all the 32 subwatersheds for the period 
2001 to 2005 are given in the Appendix Table B.2. The table displays the variations in 
sediment yields among subwatersheds in different years.
Figure 4.17: Average annual sediment yield for the Canard River watershed
Soil property is one of the important factors related to the amount of sediment 
yield in the watershed. Table 4.9 presents the average values of the predicted sediment 
yield from major types of soil within the watershed during 2001 to 2005. Brookston clay 
loam soil occupying 11% of watershed area, mostly in the northeast part, were found to 
be more susceptible to soil erosion and resulted in higher sediment yield. Brookston clay 
soil covering 61% area were found to be less vulnerable to soil erosion than the Toledo 
clay soil that covers 10% of the watershed area. The sediment yield from Caistor soil 
covering 5% area were found to be closer to the corresponding sediment yield from 
Brookston clay soil. The table also depicts that average annual sediment yield from 
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2001 1.15 5.23 2.28 1.06
2002 1.29 4.22 2.38 1.23
2003 0.91 3.16 1.88 1.09
2004 1.21 5.17 2.55 1.21
2005 1.15 3.60 1.71 0.82
Average 1.14 4.28 2.16 1.08
□ Winter ■  Spring □  Summer ■  Fall
2.5 -r--------------------------   —
2001 2002 2003 2004 2005
Year
Figure 4.18: Seasonal sediment yield for the watershed during 2001-2005
The seasonal sediment yields during the period 2001 to 2005 are shown in Figure 
4.18. The figure demonstrates that the sediment yields in winter were comparatively 
much higher than the other seasons, which are related to the higher predicted water yield 
for winter streamflow as presented in Section 4.4.2. It can be mentioned that the sediment 
yields during the months of February and March were found to be high within the winter
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season. The highest sediment yield of about 1 metric ton/ha was observed during the 
spring season of 2002 as a result of the highest spring precipitation of 229 mm (Table 4.7 
of section 4.4.2) during the five-year period. Lower rates of sediment yield were obtained 
for summer and fall seasons except in 2004 and 2001, respectively.
Table 4.10: Monthly sediment yield for the watershed during 2001 to 2005
Month
Sediment yield (tons/ha)
W W M a ■ I t l o # t l j M I P I I P f i i f ; Average
January 0.00 0.16 0.07 0.06 0.49 0.16
February 0.85 0.22 0.10 0.22 0.35 0.35
March 0.15 0.35 0.26 0.38 0.26 0.28
April 0.19 0.43 0.13 0.02 0.21 0.20
May 0.06 0.51 0.17 0.50 0.03 0.25
June 0.05 0.06 0.18 0.22 0.00 0.10
July 0.00 0.04 0.02 0.08 0.07 0.04
August 0.00 0.00 0.06 0.27 0.01 0.07
September 0.09 0.00 0.05 0.01 0.03 0.04
October 0.25 0.00 0.11 0.07 0.00 0.09
November 0.20 0.05 0.05 0.12 0.20 0.12
December 0.07 0.32 0.45 0.25 0.18 0.25
Annual 1.91 2.13 1.65 2.21 1.84 1.95
Note: Sediment yield of ‘0.00’ represents to insignificant amount
Results of monthly sediment yield prediction for the watershed are provided in 
Table 4.10. It is evident from the table that the monthly average sediment yield exceeded
0.25 metric tons/ha during February and March. Between June and October, sediment 
yield were found to be less than 0.10 metric tons/ha. As the monthly sediment yields are
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presented with 2 decimal values, result of 0.00 metric tons/ha for some months (Table 
4.10) indicates an insignificant amount. Annual sediment yield varied between 1.65 to 
2.21 metric tons/ha with an average value of 1.95 metric tons/ha for the five-year period.
It can be mentioned that the obtained average sediment yield, about 2.0 metric 
tons/ha/year is lower than the reported average value of 3.0 metric tons/ha/year for the 
entire Essex Region. The reasons could be that the Canard River watershed occupies 
about 79% area with clayey soil, which are usually less susceptible to soil erosion, and 
moreover, conservation tillage, i.e., no till practice was considered for the soybeans and 
wheat cultivation that covered about 80% of the watershed. However, the results 
provided in this section are the indicative, and time series monitoring data are needed to 
calibrate the model and justify the model predicted results.
Average annual results of sediment transported into and out of the reach with 
water, and sediment deposited in the reaches are given in Appendix Table B.3, together 
with the corresponding average annual streamflow rate and sediment concentration. The 
table shows that the predicted values of sediment entered into and left from the reach 
were found to be correlated with the simulated streamflow. The table also depicts that 
the highest annual sediment loads of 44200 metric tons was found from the river reach of 
subwatershed 17, implying the amount of average annual sediment loads from the entire 
watershed delivered into the Detroit River through the river reach of subwatershed 17.
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Annual sediment deposition normalized by the corresponding reach length is 
shown in Figure 4.19. Average annual sediment deposition rate was found to be higher 
than 300 metric tons/km into some segments of the main river. Sedimentation rate 
ranging between 150 to 300 metric tons/km/year was obtained for the river channel along 








Figure 4.19: Average annual sediment deposition in the different reaches
Figure 4.20 shows monthly sediment loads into the Detroit River from its one of 
the tributaries, Canard River. The figure also depicts the monthly mean streamflow at the 
outlet of the watershed, which indicates that the streamflow rate is an influential factor in 
delivering sediment. Based on the model predictions, higher sediment loads were 
observed during winter and spring months. Sediment loads exceeded 10,000 metric tons 
during some months within the five-year period.
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Figure 4.20: Monthly sediment loads from the watershed during 2001-2005
Results of monthly mean sediment concentration and streamflow at the outlet of 
the Canard River watershed, which is located only few kilometers upstream from the 
Amherstburg water treatment plant, are depicted in Figure 4.21. It is revealed from the 
figure that predicted sediment concentration rates are also correlated with the simulated 
streamflow rates. The figure shows that monthly mean sediment concentration rates 
varied between 100 to 500 mg/L except for few months during the five-year period. The 
information on sediment concentration is useful in determining the turbidity level of 
water, and could help in taking measures for drinking water treatment.
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Figure 4.21: Monthly mean sediment concentration at the watershed outlet
4.6 Nutrient Loads
Since nutrient pollution is identified as an important issue for the water quality 
problem of the study watershed, SWAT was also used to predict nutrient loads of 
phosphorus and nitrogen from the watershed, and identify the critical source areas of the 
nutrients loss. Results of the model application for the assessment of the nutrients loads 
are provided in the following subsection.
4.6.1 Phosphorus loading
Table 4.11 summarizes the results of phosphorus yield assessment for the 
watershed during the period 2001 to 2005. The table shows organic phosphorus as the 
main contributor to the total phosphorus yield. Mineral phosphorus was also found to be 
more than twice that of the soluble phosphorus. Annual total phosphorus yield for the
91
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watershed varied between 3.18 and 3.99 kg P/ha with an average value of 3.56 kg P/ha. A 
similar average result of about 3.3 kg P/ha was found in a previous study within the 
Essex Region in a different watershed (Walker, 1994). It can be noted that phosphorus 
application rate was considered as 12.76 kg P/ha/year for the Canard River watershed.
Table 4.11: Annual phosphorus yield in different years
Form of 
phosphorus
Phosphorus yield (kg P/ha)
H f i l l i B f i l i l l l 1 I 1 P : | | i p W f c Average
Organic 2.70 3.08 2.41 2.96 2.77 2.80
Mineral 0.48 0.63 0.52 0.62 0.49 0.55
Soluble 0.17 0.28 0.25 0.22 0.22 0.23
Total 3.35 3.99 3.18 3.80 3.48 3.56
Annual total phosphorus yield from different sub watersheds for the period 2001 
to 2005 are provided in the Appendix Table B.4. Average annual phosphorus yield during 
the five-year period is displayed in Figure 4.22. It appears from the figure that total 
phosphorus yield was more than 3.5 kg P/ha mainly for the northern part of the 
watershed. However, total phosphorus yield of greater than 5.5 kg P/ha were found from 
the subwatershed 5, 6, 7, 8 and 12 located in the northeast part of the watershed; and the 
primary reason could be that phosphorus is mostly transported with sediment, and higher 
sediment yield was also observed for these sub watersheds.
Results of the seasonal total phosphorus yield for the watershed are shown in 
Figure 4.23. Phosphorus yield during winter was found to be higher, which was also 
observed for the case of sediment yield. However, winter phosphorus yield were obtained
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Figure 4.22: Average annual phosphorus yield for the Canard River watershed















Figure 4.23: Seasonal phosphorus yield for the watershed during 2001-2005
as greater than 2.0 kg P/ha in 2002 and 2005 that contributed mostly to the corresponding 
total annual phosphorus yield. Monthly results of the three form of phosphorus, namely, 
organic, soluble and mineral phosphorus are provided in the Appendix Table B.5, B.6,
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and B.7 respectively. Model results of monthly total phosphorus yield for the period from 
January 2001 to December 2005 are presented in Table 4.12. The table also includes the 
average monthly phosphorus yield for the study period. It is seen in the table that the 
higher average yield, greater than 0.5 kg P/ha were predicted for the months, February, 
March and December; while the lower average yields, ranging between 0.06 to 0.18 kg 
P/ha were predicted for the months, June to October.
Table 4.12: Monthly total phosphorus yield during 2001 to 2005
Month
Total phosphorus yield (kg P/ha)
B S S K i i Average
January 0.03 0.35 0.14 0.03 0.94 0.30
February 1.38 0.44 0.20 0.43 0.65 0.62
March 0.26 0.64 0.53 0.70 0.46 0.52
April 0.30 0.79 0.24 0.04 0.38 0.35
May 0.09 0.83 0.28 0.83 0.05 0.42
June 0.09 0.09 0.33 0.37 0.01 0.18
July 0.00 0.07 0.03 0.13 0.12 0.07
August 0.00 0.00 0.12 0.42 0.02 0.11
September 0.16 0.01 0.08 0.01 0.06 0.06
October 0.48 0.00 0.19 0.11 0.00 0.16
November 0.41 0.09 0.10 0.22 0.41 0.25
December 0.14 0.69 0.93 0.51 0.39 0.53
Annual 3.35 3.99 3.18 3.80 3.48 3.56
Predicted monthly phosphorus loads into the Detroit River, and monthly mean 
streamflow at the outlet of the watershed are shown in Figure 4.24. It is evident from the 
figure that phosphorus loads varied with the fluctuation of the streamflow rate.
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Phosphorus loadings were found as higher than 30,000 kilograms for February 2001 and 
January 2005. Much lower loadings of phosphorus were observed during summer 
months, particularly in 2001, 2002 and 2005.





















Figure 4.24: Monthly phosphorus loads from the watershed during 2001-2005
4.6.2 Nitrogen loading
Annual results of nitrogen yield for the watershed during the period 2001 to 2005 
are presented in Table 4.13. Model predicted organic nitrogen yield were found to vary 
between 13.44 and 17.66 kg N/ha, and inorganic nitrogen that was transported as nitrate 
(NO3) was varied between 1.24 and 2.05 kg N/ha. Average annual total nitrogen yield 
was predicted as 17.34 kg N/ha, while average annual nitrogen application rate was 
considered as 33.38 kg N/ha for the watershed.
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Table 4.13: Annual nitrogen yield in different years
Form of Nitrogen yield (kg P/ha)
nitrogen 2001 W :m m i l f l f | 2004 8 S W ;  i Average
Organic 15.10 17.66 13.44 17.29 15.00 15.70
Inorganic (NO3) 1.24 2.03 1.29 1.57 2.05 1.64
Total 16.34 19.69 14.73 18.87 17.05 17.34
Average annual nitrogen yield for the five-year period is depicted in Figure 4.25. 
It is revealed from the figure that the annual average yields between 10 to 20 kg N/ha was 
found for the major part of the watershed. The higher nitrogen yields, greater than 20 kg 
N/ha were found for some subwatersheds located in the northern side of the watershed. 
Results of annual total nitrogen yield from different subwatersheds are presented in the 
Table B.8. The table shows the variations in annual total nitrogen yield among 
sub watersheds for the period 2001 to 2005.
4 Kilometers / / '*
Figure 4.25: Average annual nitrogen yield for the Canard River watershed
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Seasonal total nitrogen yields from the watershed over the period 2001 to 205 are 
shown in Figure 4.26. Nitrogen yield was also found to be dominant during winter 
season, particularly in the months of February and March. However, a significant spring 
nitrogen yield was observed in 2002 as result of substantial amount of spring 
precipitation in this year. Nitrogen yield during fall, 2001 and summer 2004 were also 
found to be significantly higher during the five-year period.
H Winter □ Summer □  Fall
n> 15.0
z  10.0
Figure 4.26: Seasonal nitrogen yield for the watershed during 2001-2005
Table 4.14 provides the monthly predicted total nitrogen yield for the period 2001 
to 2005. Monthly total nitrogen included organic nitrogen, and nitrogen from nitrate 
which are given in the Appendix Table B.9 and B.10 respectively. The highest average of 
total nitrogen yield, 3.13 kg N/ha was obtained for the month February while the lowest 
average of 0.29 kg N/ha was found in the month September. However, predicted nitrogen 
yield during summer months were found to be lesser mainly due to lower streamflow.
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Table 4.14: Monthly total nitrogen yield during 2001 to 2005
Month
Total nitrogen yield (kg N/ha)
2001 I S l i i l l ! l l f i o o i l l Average
January 0.20 1.69 0.64 0.60 4.49 1.52
February 6.93 2.23 0.98 2.13 3.39 3.13
March 1.38 3.46 2.48 3.79 2.29 2.68
April 1.46 3.83 1.17 0.20 1.79 1.69
May 0.41 4.04 1.31 3.79 0.25 1.96
June 0.40 0.43 1.46 1.71 0.03 0.81
July 0.02 0.34 0.15 0.65 0.57 0.35
August 0.00 0.00 0.52 2.09 0.11 0.54
September 0.74 0.03 0.35 0.07 0.27 0.29
October 2.31 0.00 0.89 0.59 0.00 0.76
November 1.85 0.41 0.42 1.00 2.00 1.14
December 0.63 3.22 4.36 2.24 1.86 2.46
Annual 16.34 19.69 14.73 18.87 17.05 17.34
Monthly prediction of total nitrogen loads into the Detroit River from the Canard 
River watershed is shown in Figure 4.27. Likewise sediment and nutrient loading, 
nitrogen loads varied with the variation of streamflow rates. Nitrogen loads were found to 
be higher than 50,000 kilograms for a number of months in winter and spring. 
Furthermore, the predicted nitrogen loads were found to be greater than 100,000 
kilograms during the months of February 2001, April 2002, December 2003, March and 
May 2004, and January and February 2005.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
















Figure 4.27: Monthly nitrogen loads from the watershed during 2001-2005
Based on the results and findings of this modelling study for the Canard River 
watershed as discussed in this chapter, conclusions and some recommendations are made 
in the subsequent chapter.
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This modelling study was conducted to perform hydrologic analysis of the Canard 
River watershed, and predict sediment and nutrient loads from the watershed. Soil and 
Water Assessment Tool (SWAT) was selected for this study, and its adaptability for the 
watersheds within Essex Region was investigated. The model was calibrated and tested 
using daily observed streamflow data. The developed SWAT model for the Canard River 
watershed was utilized over the period 2001 to 2005 for the predictions of hydrologic 
budget components and intended water quality responses.
The model performance in terms of Nash-Suttcliffe efficiency for monthly 
streamflow predictions were found to be 0.79 and 0.85 during the calibration and testing 
periods, respectively. The coefficients of determination were obtained as 0.79 and 0.89, 
respectively. These indices indicate that SWAT model performed well for the Canard 
watershed, and it could be used as a potential modelling tool for the watersheds of similar 
conditions in the Essex Region.
From the water budget analysis of the watershed, it was found that about 36% of 
the average annual precipitation contributed to the streamflow. The major part i.e., 64% 
of the precipitation was found to be lost by evapotranspiration, which was estimated to be 
around 540 mm per annum. As a main component of the streamflow, surface runoff 
contributed about 77% to the total streamflow, annually, and the contribution of tile flow
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and groundwater flow were 17% and 6%, respectively. Significant seasonal and monthly 
variations in the water yield were observed. Most of the annual water yield resulted 
during winter and spring months, whereas summer months yielded lower amount of 
water due to mainly the higher rates of evapotranspiration.
The model predicted an average sediment yield of about 2.0 metric tons/ha/year 
from the watershed, and the annual variation ranged between 1.65 and 2.20 metric 
tons/ha during the five-year period (2001-2005). Subwatersheds located in the 
northeastern part of the watershed were found to be more susceptible to soil erosion. The 
average annual sediment yields from these subwatersheds were obtained as more than 3.0 
metric tons/ha.
SWAT model predicted the average annual total phosphorus and nitrogen yield 
of 3.5kg P/ha and 17.5 kg N/ha, respectively from the watershed. The northern section of 
the watershed was found to be responsible for the higher rates of phosphorus yield. A 
number of subwatersheds in this location yielded phosphorus of greater than 5.5 kg 
P/ha/year, from which higher sediment loads were found as well. The higher nitrogen 
yields in excess of 20.0 kg N/ha/year were found from some of the subwatersheds located 
also in the northern part of the watershed.
Due to unavailability of water quality data, the model was not calibrated against 
the observed sediment and nutrients loads. Hence, the predicted water quality results are 
indicative and need to be verified.
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5.2 Recommendations
It is well recognized that watershed modelling studies are helpful for assessing the 
available water resources and identifying the possible causes of water quality problems, 
as well as for planning and management of watersheds, and environmental protection. 
Based on the experiences from this modelling study, the following recommendations can 
be made.
I. The predicted sediment and nutrient loads from the Canard River watershed 
should be checked with the monitoring data. Specifically, time series water 
quality data should be collected by the relevant agencies for calibrating the model 
against the observed sediment and nutrients data.
II. SWAT can be used for evaluating the BMPs to reduce the sediment, phosphorus 
and nitrogen loads from the subwatersheds that were identified as more 
responsible for water quality problem of the Canard River watershed. In this 
regard, necessary field experiments could be conducted to justify the model 
predictions.
III. SWAT can be applied in other predominantly agricultural watersheds within 
Essex Region as well as in other parts of southern Ontario. In this connection, soil 
database should be improved providing detailed information on soil layers, and 
GIS data for landuse should be updated with detailed land coverage.
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APPENDICES
Appendix A
Table A.l: Monthly statistics of precipitation for Windsor Airport station
Month













of days Dry day Wet day
Jan 57.6 4.38 4.16 15.1 2.01 0.42 0.56
Feb 57.3 5.35 5.87 12.3 4.00 0.34 0.55
Mar 75.0 5.16 3.10 13.9 15.01 0.38 0.54
Apr 85.1 6.41 5.27 13.3 29.05 0.38 0.52
May 80.8 6.32 3.73 11.8 37.93 0.31 0.50
Jun 89.8 6.70 2.92 11.0 52.08 0.31 0.47
Jul 81.8 7.18 5.02 10.2 47.44 0.30 0.39
Aug 79.7 7.19 4.76 10.0 53.40 0.27 0.44
Sep 96.2 8.04 4.06 10.9 55.80 0.30 0.47
Oct 64.9 5.85 5.06 10.5 25.64 0.28 0.46
Nov 75.5 5.59 3.31 12.8 23.56 0.34 0.54
Dec 74.7 5.12 3.48 14.9 7.57 0.40 0.57
Table A.2: Monthly statistics of precipitation for Harrow station
Month












of days Dry day Wet day
Jan 45.8 3.96 4.28 11.6 1.48 0.34 0.54
Feb 57.7 5.42 4.86 10.3 3.72 0.28 0.60
Mar 78.1 5.31 3.61 13.1 16.39 0.33 0.53
Apr 79.4 5.98 4.09 12.3 25.74 0.33 0.52
May 83.4 6.40 5.70 11.9 37.53 0.28 0.52
Jun 83.6 6.53 3.54 10.7 45.98 0.30 0.44
Jul 80.5 8.64 10.38 8.9 45.08 0.26 0.37
Aug 94.0 9.84 9.02 9.5 54.52 0.25 0.40
Sep 94.4 8.44 5.28 10.3 47.20 0.28 0.55
Oct 67.8 5.68 4.96 11.0 28.22 0.25 0.47
Nov 82.6 5.56 3.67 12.5 26.64 0.30 0.53
Dec 82.3 5.35 3.49 14.3 9.14 0.34 0.62
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Table A.3: Monthly average weather data for Windsor Airport station
Month









w i m : 4
Average iStdevffi
i
Jan -0.9 5.77 -8.1 6.25 5.80 -8.29 5.36
Feb 0.6 5.84 -7.0 6.04 9.07 -7.58 5.03
Mar 6.4 6.58 -2.4 5.05 12.94 -3.47 5.22
Apr 13.4 6.32 3.0 4.38 16.34 1.77 5.00
May 20.5 5.62 9.3 4.31 19.52 7.33 4.33
Jun 25.4 4.46 14.7 3.78 22.07 13.01 3.94
Jul 27.9 3.53 17.4 2.99 22.05 15.71 3.50
Aug 26.6 3.40 16.6 3.11 18.51 15.60 3.22
Sep 22.5 4.71 12.3 4.21 13.79 11.96 3.61
Oct 15.6 5.14 6.2 4.25 9.05 5.94 4.25
Nov 8.3 5.56 0.9 4.47 4.89 0.65 4.83
Dec 1.9 5.50 -4.8 5.74 4.17 -5.07 4.86
Table A.4: Monthly average weather data for Harrow station
Month















Jan -1.3 5.67 -7.9 6.45 5.78 -8.11 5.23
Feb -0.3 5.66 -7.4 6.47 9.05 -7.30 5.06
Mar 5.8 6.15 -2.1 5.18 12.93 -3.24 5.29
Apr 12.7 5.88 3.2 4.62 16.34 1.99 5.13
May 19.8 5.37 9.5 4.64 19.54 7.52 4.40
Jun 24.6 4.27 14.8 4.22 22.06 13.20 3.89
Jul 27.2 3.16 17.3 3.63 22.04 15.95 3.35
Aug 26.0 3.06 16.5 3.68 18.51 15.82 3.26
Sep 22.0 4.35 12.7 4.84 13.79 12.17 3.60
Oct 14.9 4.85 6.6 4.91 9.04 6.03 4.17
Nov 8.1 5.21 1.5 4.78 4.89 0.71 4.85
Dec 1.5 5.40 -4.6 5.88 4.17 -4.90 5.00
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Table A.5: Soil types of the Canard River watershed
Soil code Soil type Area (ha) % of Total area
Be Brookston clay 21145 60.9
Bel Brookston clay loam 3802 10.9
Bes Berrien sand 332 1.0
Bg-s Burford loam-shallow phase 559 1.6
B-s Brookston clay-sand spot phase 441 1.3
B.L. Alluvium 931 2.7
Cac Caistor clay 1899 5.5
Cdl Colwood fine sandy loam 725 2.1
Jc Jeddo clay 372 1.1
Ma Marsh 98 0.3
Pc Perth clay 21 0.1
Pel Perth clay loam 560 1.6
Toe Toledo caly 3368 9.7
Tos Toledo silt loam 473 1.4
Table A.6 : Soil input data for Brookston clay soil
Soil hydrologic group D
Soil layers Layer 2 SsiJiyerABi LayerS
Depth from soil surface to 
bottom of layer (mm) 178 330 787 965 -
Soil texture Clay Clay Clay Clay Heavy clay
Moist bulk density 
(gm/cm3) 1.21 1.33 1.39 1.43 1.44
Available water capacity of 
soil layer (mm/mm) 0.14 0.13 0.13 0.13 0.13
Saturated hydraulic 
conductivity (mm/hr) 8.22 3.67 2.27 1.64 1.46
Organic carbon content (%) 4.61 2.31 1.15 0.58 0.29
Clay content (%) 39 39 39 39 59
Silt content (%) 31 31 31 31 24
Sand content (%) 30 30 30 30 17
Rock fragment content (%) 2 2 2 2 2
Moist soil albedo 0.12 0.15 0.15 0.14 0.14
USLE equation soil 
erodibility (k) factor 0.21 0.21 0.24 0.24 0.19
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Table A.7: Soil input data for Brookston clay loam soil
Soil hydrologic group D
Soil layers Layer 1 Layer 2 Layer 3 ; Layer 4 Layer 5
Depth from soil surface to 
bottom of layer (mm) 178 330 787 965 -
Soil texture Clay loam Clay Clay Clay Heavy clay
Moist bulk density (gm/cm3) 1.14 1.34 1.40 1.43 1.24
Available water capacity of 
soil layer (mm/mm) 0.16 0.15 0.13 0.13 0.12
Saturated hydraulic 
conductivity (mm/hr) 21.25 9.85 2.21 1.67 0.56
Organic carbon content (%) 4.09 2.04 1.02 0.51 0.26
Clay content (%) 29 39 39 39 59
Silt content (%) 39 31 31 31 24
Sand content (%) 32 30 30 30 17
Rock fragment content (%) 2 2 2 2 2
Moist soil albedo 0.12 0.15 0.15 0.14 0.14
USLE equation soil 
erodibility (k) factor 0.28 0.21 0.24 0.24 0.19
Table A.8 : Soil input data for Toledo clay soil
Soil hydrologic group D
Soil layers Layer 1 Layer 2 Layer 3
Depth from soil surface to 
bottom of layer (mm) 229 914 -
Soil texture Clay Heavy clay Heavy clay
Moist bulk density (gm/cm3) 1.21 1.23 1.22
Available water capacity of 0.12 0.1 0.11soil layer (mm/mm)
Saturated hydraulic 
conductivity (mm/hr) 5.89 1.63 1.07
Organic carbon content (%) 4.37 2.19 1.09
Clay content (%) 47 60 60
Silt content (%) 32 26 26
Sand content (%) 21 14 14
Rock fragment content (%) 0 0 0
Moist soil albedo 0.11 0.13 0.13
USLE equation soil 
erodibility (k) factor 0.21 0.15 0.19
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Table A.9: Major crop area in the Essex County
Year Winter wheat Soybeans Grain corn 
(acres)
1998 43,000 179,000 63,000
1999 43,000 180,000 60,000
2000 40,000 175,000 53,000
2001 23,300 189,200 67,700
2002 25,800 189,000 74,500
2003 68,200 157,500 54,700
2004 51,800 182,100 32,100
Average 42,157 178,829 57,857
% area 15 64 2 1
Source: OMAFRA, 2006
Table A.10: Fertilizer inputs for the major crops
Crop
Fertilizer type




Winter Wheat 20 70
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Table A .ll: Monthly average flow (m3/s) at the Canard River gaging station
Month l i p l l 1994 1995 1996 1997 2 0 0 1 ISS&S 2003 2004 2005
Jan 6.80 1.82 2.42 1.67 1.97 0.56 0.73 0.16 0.82 6.46
Feb 0.21 3.00 0.16 2.30 5.94 9.19 5.19 0.10 1.07 3.92
Mar 6.47 3.44 2.42 3.21 5.21 0.95 1.89 3.49 3.85 2.92
Apr 2.95 2.18 2.98 2.49 0.51 1.34 5.35 0.96 1.27 2.98
May 0.69 0.43 0.51 2.48 1.80 0.36 3.11 2.70 6.36 0.22
Jun 0.88 0.56 0.91 0.73 4.49 0.25 0.21 0.93 1.30 0.03
Jul 0.05 0.07 1.55 0.02 0.23 0.01 0.03 0.05 0.09 0.07
Aug 0.02 0.27 2.83 0.02 0.21 0.01 0.02 0.52 3.10 0.03
Sep 0.06 0.03 0.02 1.38 0.25 0.16 0.02 0.12 0.31 0.07
Oct 0.09 0.19 0.65 0.57 0.04 4.41 0.03 0.22 0.17 0.05
Nov 0.32 0.14 1.22 1.19 0.14 0.61 0.15 1.37 1.48 0.39
Dec 0.33 1.35 0.26 4.44 1.08 3.53 0.30 2.97 3.64 2.52









1993 6-Jan 4.0 21.90 409 155
1993 19-Aug 25.0 0.02 15 3174
1994 14-Apr 6.0 9.78 354 260
1996 16-May - 0.93 88 551
1997 8-May 5.0 2.15 205 617
1998 24-Nov 4.0 0.77 23 534
1999 15-Apr 8.0 1.14 71 472
2000 27-Jun 20.0 13.40 225 239
2001 11-Dec 3.0 0.17 21 835
2002 17-Apr 20.0 1.24 181 358
2003 21-May 14.0 0.24 75 773
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Table A.13: Summary of SWAT input files
Description Remarks
Watershed configuration file. Routing network in watershed. Required
Control input/output file. Names of input files. Required
Input control code file. Length of simulation, printing frequency, 
selected options for various processes.
Required
Basin input file. Watershed level parameters. Required
Precipitation input file. Daily measured precipitation for a measuring 
gage(s).
Optional
Temperature input file. Daily measured maximum and minimum 
temperature for a measuring gage(s).
Optional
Solar radiation input file. Solar radiation for measuring gage(s). Optional
Wind speed input file. Daily average wind speed for a measuring 
gage(s).
Optional
Relative humidity input file. Daily relative humidity values for a measuring
gage(s).
Optional
PET input file. Daily PET values for the watershed. Optional
Land cover/plant growth 
database file.
Plant growth parameters for land covers in 
watershed.
Required
Tillage database file. Amount and depth of mixing caused by tillage 
operations in the watershed.
Required
Fertilizer database file. Information on nutrient content of all fertilizers 
and manures simulated on watershed.
Required
Pesticide database file. Information on mobility and degradation for the 
watershed.
Required
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Table A.13: (Contd.)
Eiiiii-iiiissii Description Remarks
Subbasin input file. Subbasin level parameters. Required
Weather generator input file. Statistical data needed for the climatic 
generation.
Required
Pond/wetland input file. Information of the impoundments in the 
subbasin.
Optional
Water use input file. Consumptive water use in the subbasin. Optional
Main channel input file. Parameters governing water and sediment 
movement in the main channel of the subbasin.
Required
Watershed water quality input 
file.
Parameters used to model QUAL2E 
transformations in main channel.
Optional
Stream water quality input file. Parameters used to model pesticide and 
QUAL2E nutrient transformations in the main 
channel of the subbasin.
Optional
HRU input file. HRU level parameters. Required
Management input file. Management scenarios and specifies land cover 
simulated in the HRU.
Required
Soil input file. Information about the physical characteristics of 
the soil in the HRU.
Required
Soil chemical input file. Information about initial nutrient and pesticide 
levels of the soil in the HRU.
Required
Groundwater input file. Information about the shallow and deep aquifer. Required
Reservoir input file. Parameters for modeling the movement of water 
and sediment through a reservoir.
Optional
Lake water quality input file. Parameters used to model the movement of 
nutrients and pesticides through a reservoir.
Optional
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Table A.14: Distribution of areas for different subwatersheds
Subwatershed Area (km2) % of Total area No. of HRU
1 14.01 4.34 12
2 7.75 2.40 10
3 9.05 2.80 13
4 6.32 1.96 5
5 5.23 1.62 2
6 11.06 3.42 3
7 3.27 1.01 5
8 6.35 1.96 3
9 10.01 3.10 11
10 2.54 0.78 6
11 3.38 1.04 3
12 10.33 3.20 4
13 0.95 0.29 6
14 4.58 1.42 5
15 0.09 0.03 1
16 53.31 16.50 4
17 1.61 0.50 6
18 23.65 7.32 4
19 4.52 1.40 6
20 8.23 2.55 3
21 3.02 0.93 6
22 13.73 4.25 4
23 0.89 0.28 4
24 12.43 3.85 5
25 1.64 0.51 9
26 22.49 6.96 5
27 15.06 4.66 8
28 7.08 2.19 2
29 33.86 10.48 3
30 5.35 1.65 5
31 15.66 4.85 4
32 5.66 1.75 3
Total 323.09 100.00 170
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Appendix B
























































































Jan-01 21 35 0 0 0 205 8 34 40
Feb-01 73 93 0 0 0 203 23 92 -42
Mar-01 29 15 0 0 0 188 30 15 0
Apr-01 73 15 0 1 7 187 52 21 0
May-01 74 4 1 1 5 192 58 9 0
Jun-01 47 4 2 2 4 144 84 10 0
Jul-01 32 0 1 0 0 62 114 1 0
Aug-01 43 0 0 0 0 57 48 1 0
Sep-01 130 12 0 0 4 138 33 16 0
Oct-01 156 27 1 3 39 190 36 66 0
Nov-01 82 20 2 1 14 210 25 35 1
Dec-01 55 8 4 9 15 216 17 27 1
Jan-02 84 29 5 1 1 216 20 34 32
Feb-02 40 43 2 1 1 215 26 46 -29
Mar-02 56 39 1 0 0 208 29 39 -6
Apr-02 109 41 2 4 8 217 47 50 0
May-02 121 37 4 8 14 223 56 55 0
Jun-02 42 5 5 2 1 184 74 10 0
Jul-02 73 5 2 0 0 108 143 8 0
Aug-02 23 0 1 0 0 74 57 1 0
Sep-02 40 1 0 0 0 89 25 1 0
Oct-02 37 0 0 0 0 92 33 0 0
Nov-02 79 6 0 0 1 136 28 6 0
Dec-02 69 42 0 0 0 146 16 41 1
Jan-03 32 13 0 0 0 139 14 13 13
Feb-03 61 18 0 0 0 141 14 18 27
Mar-03 58 59 0 0 0 149 32 58 -40
Apr-03 68 18 0 0 3 148 47 21 0
May-03 138 13 0 0 22 183 68 35 0
Jun-03 78 15 0 1 7 158 81 22 -1
*Water yield = Surface Q + Groundwater Q + Tile Q
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Jul-03 55 2 0 0 1 108 102 3 0
Aug-03 110 8 0 0 6 127 76 15 0
Sep-03 79 6 0 1 5 158 36 11 0
Oct-03 62 13 1 1 4 174 27 19 0
Nov-03 82 6 1 3 21 204 22 28 0
Dec-03 77 51 3 2 0 209 19 53 0
Jan-04 52 10 1 1 1 205 12 12 33
Feb-04 20 41 1 0 0 201 17 41 -34
Mar-04 99 50 0 0 4 211 35 53 0
Apr-04 36 3 1 2 2 196 45 5 0
May-04 174 40 3 11 27 228 64 70 0
Jun-04 90 21 8 8 9 198 83 36 0
Jul-04 91 9 6 1 1 160 119 15 0
Aug-04 145 30 4 4 5 174 92 38 0
Sep-04 25 2 3 2 0 163 33 5 0
Oct-04 66 7 1 0 2 196 23 11 0
Nov-04 93 13 1 3 19 233 21 33 1
Dec-04 78 33 7 12 14 237 16 53 0
Jan-05 114 78 5
_
0 241 10 83 22
Feb-05 75 57 2 0 0 249 12 59 -2
Mar-05 26 33 1 0 0 231 32 34 -20
Apr-05 86 23 1 3 7 235 50 30 0
May-05 32 3 2 2 0 205 57 5 0
Jun-05 25 1 1 0 0 145 85 2 0
Jul-05 92 8 0 0 0 97 133 8 0
Aug-05 52 1 0 0 0 92 55 2 0
Sep-05 63 3 0 0 0 116 35 3 0
Oct-05 16 0 0 0 0 108 23 0 0
Nov-05 92 21 0 0 2 146 30 23 0
Dec-05 83 51 0 0 0 168 8 51 1
Sum 0
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Table B.2: Annual sediment yield from different subwatersheds
watershed
Sediment yield (tons/ha)
2 0 0 1 2 0 0 2 Average
1 2.72 2.25 1.77 2.64 1.97 2.27
2 2.35 2.15 1.64 2.50 1.91 2.11
3 3.01 2.67 2.20 3.30 2.31 2.70
4 1.78 2.45 1.67 2.55 2.05 2.10
5 4.30 3.78 2.80 4.56 3.42 3.77
6 4.44 3.81 2.96 4.75 3.35 3.86
7 4.83 4.35 3.57 5.51 3.94 4.44
8 6.09 5.66 4.49 6.90 5.22 5.67
9 2.59 3.12 2.45 3.14 2.07 2.67
10 1.73 2.36 1.90 2.62 2.08 2.13
11 1.45 1.69 1.26 1.53 1.65 1.52
12 3.91 3.52 2.64 4.07 3.20 3.47
13 0.22 0.29 0.23 0.33 0.15 0.24
14 1.06 1.64 1.30 1.90 1.71 1.52
15 6.18 8.39 4.59 6.89 3.24 5.86
16 1.81 2.29 1.52 2.25 1.62 1.90
17 2.38 3.32 3.14 3.95 2.94 3.14
18 1.98 1.61 1.05 1.58 1.56 1.55
19 1.24 1.96 1.56 2.33 1.51 1.72
20 1.09 1.71 1.35 1.94 1.85 1.59
21 0.55 0.86 0.67 1.01 0.60 0.74
22 1.54 1.54 1.07 1.40 1.56 1.42
23 1.86 3.32 3.43 3.38 2.78 2.96
24 0.90 1.34 1.15 0.85 1.30 1.11
25 0.23 0.29 0.29 0.30 0.23 0.27
26 1.31 2.11 2.10 2.13 1.98 1.93
27 1.81 2.30 1.58 2.31 1.43 1.89
28 0.78 1.53 1.24 0.89 1.48 1.18
29 0.57 0.64 0.60 0.44 0.67 0.59
30 1.43 2.23 2.19 2.22 2.17 2.05
31 1.24 1.63 1.49 1.21 1.61 1.43
32 1.84 2.71 1.98 2.96 2.58 2.42
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1 0.14 3180 3165 15 242
2 0.08 1636 1628 8 170
3 0.32 7233 7117 116 175
4 2.12 33958 29648 4310 189
5 0.06 1975 1947 29 328
6 0.12 4270 4236 35 293
7 0.21 7635 7519 116 322
8 0.07 3600 3548 51 518
9 0.12 2678 2678 0 277
10 2.47 37306 35998 1308 204
11 0.32 11579 11356 223 302
12 0.11 3583 3567 17 552
13 0.44 14946 14816 130 319
14 1.61 18466 17814 652 146
15 2.58 38728 38508 220 222
16 0.60 10116 6004 4112 507
17 3.19 45020 44200 820 208
18 0.23 3674 3674 0 287
19 1.26 15278 14274 1004 140
20 0.10 1307 1263 44 233
21 1.10 14426 13236 1190 157
22 0.14 1951 1906 45 156
23 0.41 4059 4043 16 102
24 0.09 1376 1353 24 131
25 0.31 2445 2442 2 92
26 0.18 4329 4329 0 320
27 0.88 9931 9873 58 157
28 0.05 839 813 26 144
29 0.25 1982 1587 395 904
30 0.04 1094 1080 14 172
31 0.67 8192 6013 2179 91
32 1.56 19312 17772 1540 147
124
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table B.4: Annual total phosphorus yield from different subwatersheds
watershed
Phosphorus yield (kg P/ha)
2 0 0 2 Average
1 4.43 3.99 3.17 4.65 3.75 4.00
2 4.33 4.10 3.25 4.80 3.87 4.07
3 5.05 4.73 3.77 5.61 4.28 4.69
4 3.32 4.57 3.25 4.45 3.80 3.88
5 7.22 6.77 5.31 8.41 6.55 6.85
6 6.52 5.96 4.93 7.63 5.62 6.13
7 7.81 7.06 6.07 8.96 6.78 7.33
8 9.13 8.76 7.26 10.54 8.42 8.82
9 4.66 5.42 4.42 4.99 3.55 4.61
10 3.51 4.60 3.67 4.45 3.78 4.00
11 3.24 3.72 2.79 3.28 3.63 3.33
12 6.56 6.30 4.96 7.36 6.07 6.25
13 0.36 0.51 0.36 0.55 0.29 0.41
14 2.37 3.48 2.70 3.45 3.25 3.05
15 7.33 10.00 6.23 9.33 4.82 7.54
16 3.16 4.15 2.94 3.96 3.04 3.45
17 4.90 6.29 5.62 5.94 4.77 5.50
18 3.17 2.96 2.03 2.88 3.04 2.81
19 2.73 4.06 3.16 4.11 2.82 3.38
20 2.50 3.73 2.91 3.65 3.63 3.28
21 1.16 1.73 1.30 1.76 1.11 1.41
22 3.05 3.24 2.30 2.89 3.34 2.96
23 2.94 5.12 5.03 4.86 4.14 4.42
24 1.91 3.36 2.91 1.98 3.03 2.64
25 0.28 0.40 0.39 0.43 0.35 0.37
26 2.43 3.89 3.72 3.60 3.47 3.42
27 2.94 3.79 2.71 3.63 2.46 3.11
28 1.97 4.19 3.41 2.22 3.58 3.07
29 1.18 1.70 1.61 1.07 1.64 1.44
30 2.90 4.57 4.27 4.06 4.09 3.98
31 2.25 3.50 3.13 2.36 3.29 2.90
32 3.78 5.40 4.02 5.29 4.84 4.66
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Table B.5: Monthly organic phosphorus yield during 2001 to 2005
Month
Organic phosphorus yield (kg P/ha)
2 0 0 1 Average
January 0.002 0.253 0.100 0.002 0.741 0.220
February 1.077 0.344 0.146 0.321 0.521 0.482
March 0.211 0.503 0.394 0.560 0.370 0.407
April 0.262 0.642 0.206 0.029 0.314 0.291
May 0.072 0.629 0.215 0.626 0.039 0.316
June 0.070 0.072 0.230 0.282 0.005 0.132
July 0.004 0.052 0.024 0.107 0.100 0.057
August 0.000 0.000 0.089 0.332 0.018 0.088
September 0.130 0.004 0.061 0.011 0.048 0.051
October 0.408 0.000 0.146 0.092 0.001 0.130
November 0.344 0.075 0.077 0.182 0.333 0.202
December 0.117 0.506 0.719 0.412 0.285 0.408
Annual 2.697 3.079 2.407 2.956 2.775 2.783
Table B.6 : Monthly soluble phosphorus yield during 2001 to 2005
Month
Soluble phosphorus yield (kg P/ha)
iilSIRIB 2 0 0 2 2003 2004 fH B I! Average
January 0.027 0.037 0.017 0.009 0.059 0.030
February 0.067 0.041 0.023 0.040 0.038 0.042
March 0.010 0.039 0.064 0.040 0.023 0.035
April 0.007 0.038 0.010 0.003 0.014 0.014
May 0.004 0.042 0.015 0.044 0.002 0.021
June 0.004 0.006 0.026 0.024 0.001 0.012
July 0.000 0.004 0.002 0.006 0.006 0.004
August 0.000 0.000 0.010 0.016 0.002 0.006
September 0.007 0.001 0.006 0.001 0.003 0.004
October 0.017 0.000 0.014 0.005 0.000 0.007
November 0.018 0.006 0.006 0.010 0.020 0.012
December 0.009 0.063 0.059 0.028 0.050 0.042
Annual 0.171 0.275 0.252 0.224 0.218 0.228
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Table B.7: Monthly mineral phosphorus yield during 2001 to 2005
Month
Mineral phosphorus yield (kg P/ha)
§ S 8 S w ! .l 'im m m Average -S
January 0.000 0.058 0.021 0.016 0.142 0.048
February 0.239 0.058 0.033 0.068 0.091 0.098
March 0.038 0.097 0.076 0.098 0.064 0.075
April 0.035 0.108 0.027 0.007 0.049 0.045
May 0.015 0.157 0.052 0.156 0.008 0.078
June 0.014 0.016 0.076 0.068 0.001 0.035
July 0.000 0.010 0.005 0.020 0.016 0.010
August 0.000 0.000 0.020 0.072 0.003 0.019
September 0.020 0.001 0.013 0.002 0.007 0.009
October 0.056 0.000 0.033 0.017 0.000 0.021
November 0.049 0.012 0.013 0.031 0.053 0.031
December 0.017 0.117 0.147 0.068 0.056 0.081
Annual 0.484 0.634 0.517 0.623 0.488 0.549
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Table B.8: Annual total nitrogen yield from different subwatersheds
watershed
Nitrogen yield (kg/ha)
W m m M 2005 Average
1 22.02 20.42 15.02 21.96 18.56 19.60
2 20.30 19.63 14.63 21.29 17.72 18.71
3 24.69 23.72 17.29 26.13 21.02 22.57
4 17.19 23.65 16.58 23.63 20.27 20.26
5 33.60 31.86 23.41 36.85 29.15 30.97
6 30.39 28.18 21.83 33.96 25.20 27.91
7 33.71 31.04 24.67 36.77 28.56 30.95
8 39.25 38.38 30.20 43.89 35.44 37.43
9 23.47 27.42 21.53 25.51 18.18 23.22
10 16.79 22.65 17.39 22.26 19.38 19.69
11 15.36 17.90 13.48 15.78 17.45 15.99
12 30.63 29.82 22.28 32.90 27.61 28.65
13 2.36 3.45 2.44 3.66 1.83 2.75
14 11.46 17.08 12.94 17.65 16.89 15.20
15 42.56 57.25 37.76 53.23 28.22 43.80
16 16.73 21.72 15.24 21.27 16.66 18.33
17 21.62 28.55 24.58 28.27 23.08 25.22
18 17.04 16.03 10.62 15.40 16.29 15.07
19 13.08 19.79 15.02 20.86 14.68 16.69
20 11.97 18.16 13.79 18.47 18.82 16.24
21 6.08 9.17 6.77 9.71 6.20 7.58
22 15.27 16.25 11.42 14.39 16.72 14.81
23 11.85 20.49 19.83 19.90 16.74 17.76
24 8.88 16.07 11.92 8.91 13.78 11.91
25 1.77 2.78 2.51 3.01 2.22 2.46
26 10.65 17.54 15.72 16.13 15.49 15.11
27 14.81 19.10 13.49 18.81 13.06 15.85
28 8.22 19.37 12.91 9.14 15.59 13.04
29 5.94 8.84 6.92 5.51 8.09 7.06
30 12.70 21.41 17.77 18.04 18.48 17.68
31 11.04 17.18 13.96 11.41 15.65 13.85
32 18.52 26.75 19.52 27.04 25.21 23.41
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Table B.9: Monthly organic nitrogen yield during 2001 to 2005
Month
Organic nitrogen yield (kg N/ha)
2 0 0 1 2003 Average
January 0.014 1.459 0.576 0.525 4.154 1.346
February 6.508 1.909 0.849 1.897 2.892 2.811
March 1.179 2.903 2.203 3.098 2.044 2.285
April 1.350 3.547 1.064 0.173 1.655 1.558
May 0.395 3.937 1.249 3.665 0.226 1.894
June 0.390 0.418 1.414 1.658 0.025 0.781
July 0.016 0.313 0.129 0.602 0.535 0.319
August 0.002 0.003 0.497 2.017 0.093 0.522
September 0.712 0.021 0.334 0.069 0.240 0.275
October 2.186 0.002 0.845 0.556 0.004 0.719
November 1.766 0.379 0.388 0.943 1.655 1.026
December 0.585 2.766 3.896 2.088 1.478 2.163
Annual 15.103 17.658 13.442 17.292 15.001 15.699
Table B.10: Monthly NO3  yield during 2001 to 2005
Month
NO3  yield (kg N/ha)
2 0 0 1 m w m M  1* 2004 Average
January 0.190 0.229 0.062 0.077 0.339 0.179
February 0.423 0.317 0.134 0.231 0.494 0.320
March 0.201 0.557 0.280 0.695 0.245 0.395
April 0.109 0.279 0.102 0.023 0.135 0.130
May 0.015 0.108 0.059 0.123 0.024 0.066
June 0.010 0.017 0.043 0.053 0.004 0.025
July 0.005 0.029 0.021 0.050 0.037 0.028
August 0.002 0.001 0.027 0.069 0.014 0.022
September 0.031 0.008 0.019 0.005 0.033 0.019
October 0.125 0.002 0.043 0.035 0.001 0.041
November 0.085 0.030 0.033 0.057 0.343 0.110
December 0.043 0.455 0.466 0.157 0.379 0.300
Annual 1.238 2.032 1.290 1.574 2.046 1.636
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